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ABSTRACT
Henry, Ashwin Clement M.S., Purdue University, December 2017. Performance Augmentation of Compliance-based Morphing Wings through Optimization and Nonlinearity. Major Professor: Andres F. Arrieta.
Conformal shape adaptation presents signiﬁcant beneﬁts in terms of increased
aerodynamic eﬃciency for a wide range of ﬂight conditions in addition to minimizing
drag penalties via gap-less smooth shape proﬁle change. Conformal shape adaptation
in morphing wings can be achieved by distributed compliance and stiﬀness selectivity techniques. These morphing strategies yield light-weight monolithic structures
by utilizing the multifunctionality oﬀered by smart materials. The present thesis,
therefore, attempts to enhance the performance of compliance based morphing wings
by augmenting the stiﬀness characteristics through optimization of associated smart
actuators and implementation of stiﬀness selectivity. These performance augmentation methods essentially attempt to improve the trade-oﬀ between compliance and
load-bearing capacity.
Compliance based morphing wings are considerably ﬂexible and therefore the nonlinear interactions between the structural system and aerodynamic system are nonnegligible. A concurrent aeroelastic analysis method applicable to 3D morphing wings
is developed to obtain realistic information regarding the aerodynamic performance
and stability. A two-way coupled static aeroelastic method is devised linking the
structural analysis solver, Abaqus® /Standard and a low ﬁdelity aerodynamic code,
XFOIL. The principal limiting factor of the maximum achievable ﬂight speed of a
compliant wing design is the dynamic aeroelastic instability or ﬂutter onset, therefore
a ﬂutter analysis technique is implemented. A linearized ﬂutter analysis method based
on quasi-steady aerodynamics and assumed mode shapes is employed to predict the

xv
ﬂutter point. These aeroelastic methods can be conveniently included to seamlessly
run an optimization procedure, owing to their eﬃcient run-time.
Distributed actuators employed in compliance based morphing wings are inherently multi-functional by simultaneously contributing to the actuation and loadcarrying functions. These characteristics are particularly useful for increasing the
performance of compliant-based morphing structures. The ﬁrst section of this thesis
research presents an investigation of the optimal structural parameters of distributed
piezoelectric actuators and wing skin on a compliant morphing wing for maximizing
the performance, measured in terms of the rolling moment and dive speed. A previous design obtained following a multi-disciplinary optimization technique, yielding
the ideal structural and geometrical parameters maximizing roll controllability, is utilized as the baseline individual. The global design of the morphing, however, did not
optimize explicitly the size of the distributed piezoelectric actuators and thickness
of the underlying skin. This investigation focuses on further extending the design
space by perturbing the original optimal individual with the goal of maximizing the
obtained rolling moment and ﬂutter speed while minimizing the wing’s mass. A multidisciplinary, multi-objective optimization for the ideal actuator width and thickness
active-to-substrate ratio. The results show that the performance of the baseline design
can be signiﬁcantly improved through width and thickness distribution optimization
of the bi-morph piezoelectric actuators. The maximum increase in rolling moment
achieved is 27.67% along with a 4.31% mass penalty. When constraining the mass,
a potential increase of 25.17% is still possible. Furthermore, ﬂight speed is increased
by 83.4 %, while maintaining suﬃcient roll control authority. The three optimization objectives are competing, with opposite stiﬀness requirements for maximizing
rolling moment and ﬂutter. Similarly, increasing ﬂutter speed carries a linear proposal increase in mass. The results suggest that to realize signiﬁcant performance
enhancement without substantial mass penalty, the load carrying capability of the
actuators should be exploited.

xvi
The main diﬃculty in morphing wing design is the inherent conﬂicting requirement of achieving compliant structures with adequate load-bearing capability. The
ﬂight envelope of the compliance-based morphing wings is limited by virtue of this
opposing requirement. The ﬂight boundary can be possibly improved to some extent by decoupling these contradictory requirements by imparting stiﬀness variability
characteristics to the compliant wings. The idea is to attain a ﬂexible conﬁguration which allows greater maneuverability and a stiﬀ conﬁguration when faster ﬂight
speeds have to be achieved. The second section of this thesis focuses on exploiting
the selective stiﬀness properties obtained from bistable composite plates, by monolithically embedding them in a morphing wing. A morphing rib section previously
designed utilizing a multi-disciplinary optimization procedure is selected as the foundation, employing which a 3D morphing wing is designed. The goal of this section
of the thesis is to analyze the performance and validity of stiﬀness variability under
strength constraints inherent in the 3D wing design. A passive morphing wing characterized by discrete stiﬀness variability, with two distinct equilibrium conﬁgurations
each possessing diﬀerent global stiﬀness response, is developed. The morphing wing
layout corresponding to distributed compliance design is adopted to maximize the
impact of the embedded bistable laminates. The selectively compliant retains stiﬀness variation characteristics with a global stiﬀness variability ratio of 7.2 between
its stiﬀ and ﬂexible conﬁgurations, subjected to buckling and strength constraints.
The results presented thus proves the feasibility of selectively compliant morphing
strategy which decouples the conﬂicting stiﬀness requirements.

1

1. INTRODUCTION
Aviators have been persistently inspired by birds when it comes to seeking solutions
for control and aerodynamic problems in ﬂight. The notion of continuous shape
changing capability similar to that of the birds was beyond the technologies of the
day then, so hinges and pivots were used for many years. However, as an aftermath
of the recent advances in aerodynamics, controls, smart structures, and composite
materials, researchers are ﬁnally converging upon the set of tools and technologies
needed to realize the original dream of aircraft which are capable of smooth and
continuous shape changing [1].

1.1

Conformal Shape Adaptation in Aircrafts
The method of using discrete movable surfaces to produce control motions in an

aircraft is very eﬀective but leads to drag penalties as a result of the abrupt change
and gap between panels, in addition to setting a limit in the degree of adaptability.
Shape adaptation of the airplane wings through morphing has the potential to bring
numerous advantages in comparison to a conventional wing. The most obvious is
a reduced parasitic drag due to the absence of gaps between the movable control
surfaces. More importantly, a wing whose sections have the ability to independently
deform can better adapt to diﬀerent ﬂight conditions than a conventional system.
Finally, structural weight and mechanical complexity can be potentially reduced by
integrating smart material-based actuators directly into the structure instead of employing conventional actuation devices to the system through hinges, bearings, and
structural reinforcements [2].
The advances in shape morphing concepts can be classiﬁed into three major types:
planform alternation (span resizing, chord resizing, sweep change), out-of-plane trans-
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formation (camber change, lateral wing bending, wing twisting) and airfoil adjustment [1]. The present study deals with camber shape morphing by means of distributed compliant structures which enables smooth shape variation. Camber morphing is the best possible approach to induce lift variations on the aircraft. Symmetric
camber change boosts lift coeﬃcient and decreases stall speed, while unsymmetric
camber change induced wing twist to perform roll maneuver. Flight control through
lift variation achieved by spanwise camber morphing is shown to enhance aerodynamic eﬃciency [3]. The major challenges of compliant morphing aircraft design are
distributed high-power density actuation, structural mechanization, ﬂexible skins,
and control law development. The distributed compliance approach to accomplish
spanwise camber morphing is brieﬂy discussed in the following section.

1.1.1

Distributed Compliance Concept

Conformal shape adaptation of a morphing system is classiﬁed as a distributed
compliance system if camber shape change is eﬀected purely by the structural elasticity. Compared to mechanism-based morphing systems which rely on rigid body motion to achieve shape adaptation, distributed compliance exhibits greater potential in
satisfying weight reduction objectives [4]. Distributed compliance aims at producing
a ﬂexible structure that oﬀers low deformation resistance for camber variation while
maintaining suﬃcient stiﬀness for remaining deﬂection modes. Thus desired morphed
shape can be realized with reduced actuation eﬀort. Smart material-based actuators
can then be incorporated to achieve a truly monolithic structure, which is advantageous as it characterized by reduced part count, mechanical complexity and mass [5].
Seamless geometry variation associated with monolithic structure brings about aerodynamic beneﬁts in terms of smooth pressure distribution and lower drag [6, 7].
Compliant morphing systems is characterized by severe technical challenges as it
imposes special requirements on the internal layout and skin layup. The concept demands strong anisotropic stiﬀness, particularly low in-plane stiﬀness to allow shape
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changes at the same time, adequate out-of-plane stiﬀness to achieve smooth aerodynamically favorable shapes under pressure loading [8]. Moreover, the conﬂicting
requirement of compliance and load carrying capacity has to be satisﬁed for eﬃcient
operation.

1.1.2

Stiﬀness Variability

The fundamental challenge in designing morphing wings is the inherent conﬂicting
requirement of achieving ﬂexible structures with adequate load-carrying capacity. A
feasible solution is to decouple these requirements by imparting stiﬀness selectivity
that provides a controllable time-variant stiﬀness range [8, 9]. Rather than having
a constant stiﬀness response as in case of the morphing wing discussed above, a
variable stiﬀness approach allows maximum eﬃciency by tuning the stiﬀness response
to real-time external conditions. The variable stiﬀness approach selectively increases
compliance in particular deformation modes, while maintaining suﬃcient rigidity to
act against the external loads applied to the system. Variable stiﬀness in morphing
structures can be obtained by several diﬀerent methodologies like material property
tailoring, composite anisotropy, sandwich structures, mechanism-driven, structural
multistability, etc.
The structural multistability concept which harnesses the non-linear snap-through
phenomenon to attain diﬀerent stiﬀness responses is exploited in the current study.
Composite laminates with unsymmetrical layups are promising candidates for tailored
multistable structures, owing to the thermal coeﬃcient mismatch between the plies.
This mismatch in addition to the bending-extension coupling associated with unsymmetric plies induces curvatures in initially ﬂat structures on cooling from elevated
temperatures. The thermal stress ﬁeld resulting from the heat treatment process together the attained curvature causes the multistability property in the laminate. The
structural multistability produces large deﬂections via snap-through behavior activated by an external load which can be tailored to suit morphing demands. Moreover,
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the energy input is required only for the switching between the equilibrium conﬁgurations, which are maintained without external assistance [10]. Thus in comparison to
other methods to stiﬀness variability, multistable elements are passive and require low
actuation energy. Further, the pure elastic nature of the multistability means that
large repeatable transitions can be achieved without property deterioration, thereby
adding robustness to the system. These multistable laminates are eﬃciently monolithically embedded into the morphing structure to achieve global stiﬀness variability.
The aforementioned aspects make multistable elements an ideal choice to build monolithic compliant morphing systems.

1.2

Research Need
Morphing structures for aerospace applications have attracted great attention in

the past decades, resulting in a number of applications and a signiﬁcant body of
literature [11]. More recently, compliance-based morphing structures have gained favor amongst the community given their promise for producing lightweight morphing
solutions. Despite the large number of studies (see [12–16] and references therein),
very few examples present morphing designs [15, 17–26] introducing compliance to,
and exploiting the high structural eﬃciency of, lightweight aeronautical structures,
such as spars, skins, ribs and stringers. Furthermore, the consideration of distributed
actuators capable of contributing to the load-carrying capacity of the structures, thus
providing multi-functionality to such lightweight morphing systems [27], remains rare.
The reduced number of morphing designs that take into account the sizing of distributed actuators [28–30] focus on associated variables such as power requirement,
actuator contact area, and substrate thickness, considering the oﬀ-the-shelf availability of piezoelectric actuator. In particular, the concurrent optimization of the
load-carrying and actuation characteristics of distributed actuators for 3D compliance based morphing wings still requires further studies to assess their promise for
allowing mass reduction and higher aerodynamic performance.
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Similarly, large volume of published studies exist on the topic of stiﬀness variability and only a very few examples present implementation of variable stiﬀness elements
for morphing applications [31–37]. A large portion of the studies does not attempt
to exploit the large deﬂections achievable by the snap-through phenomenon. Moreover, studies exploring the beneﬁts of combining stiﬀness variability and distributed
compliance for a morphing wings have not been done yet. The combined property
of stiﬀness variability and distributed compliance named as selective compliance has
been investigated by Kuder et al. [38–41]. Kuder et al. extensively covers the design,
optimization of a selectively compliant morphing system, showing the aerodynamic
beneﬁts by exploiting the large deﬂections made possible through multistability. The
research study is only limited to 2D morphing rib section and therefore the validity
and performance of the selective compliance concept in the 3D wing domain are not
explored.

1.3

Objectives and Contributions
The present work attempts to address the research gap mentioned in the sec-

tion above. The goal of the thesis is to investigate the feasibility of performance
enhancement in a distributed compliance wing through optimization of critical geometrical parameters and to explore the validity of the stiﬀness variability under
imposed strength constraints inherent in the 3D wing design. The major objectives
of the present research work are listed as follows.
• Develop a concurrent aeroelastic analysis method for 3D morphing wings in the
static and dynamic domain to accurately estimate the aerodynamic coeﬃcients
and onset of ﬂutter.
• Optimize the structural parameters of distributed piezoelectric actuators and
wing skin on a compliant morphing wing for maximizing the performance, measured in terms of the rolling moment and ﬂutter speed.
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• Design a selectively compliant morphing wing utilizing a previously optimized
bistable rib section and analyze the stiﬀness variability and aerodynamic performance.
The thesis is structured in the order of these objectives. The second chapter deals
with the development of the aeroelastic analysis methods that are essential to realistically estimate the behavior of the morphing wing. The third chapter discusses the
optimization of the structural parameters in a distributed compliance wing previously
developed by Molinari et al. [42], followed by chapter 4 which focuses on the challenges
in designing a selectively compliant wing. The ﬁnal chapter serves to summarize the
results and suggests future outlook for the present work.
This research provided the opportunity to understand the characteristic behavior
of novel compliant morphing systems and improve the performance of these morphing systems raising its performance comparable to a conventional rigid wing. The
resulting original contributions to this research is listed as follows
• A concurrent aeroelastic analysis method for analyzing 3D morphing wings is
developed.
– The two-way coupled analysis is carried out by linking the structural analysis capability of Abaqus® solver with a low ﬁdelity aerodynamic solver,
XFOIL through dedicated Python scripting.
– A linearized ﬂutter analysis technique based on quasi-steady aerodynamics
and assumed modes is developed to predict the ﬂutter onset.
– The aeroelastic analysis tools are validated against similar methods developed by Molinari et al. [43].
• The structural parameters corresponding to the distributed actuators and wing
skin of the smart morphing wing designed by Molinari et al. [42] is optimized
to improve its performance in terms of the rolling moment and ﬂutter speed.
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– A multidisciplinary design approach is devised to optimize the structure
utilizing the concurrent aeroelastic analysis tool.
– The characteristic variation of the geometrical parameters with respect to
the objective functions namely rolling moment and ﬂutter speed is discussed in detail
– The trade-oﬀ between the competing objective functions is extensively
studied and several multi-objective optimal conﬁgurations are suggested
• A selectively compliant morphing wing exploiting the beneﬁts of distributed
compliance and stiﬀness variability is designed.
– A coarse sizing analysis is performed to show the dependence of stiﬀness
variability on the aspect ratio of the wing.
– The strength criteria is incorporated in the wing design by material failure
modeling and an eigenvalue buckling analysis.
– Aeroelastic study of the designed 3D morphing wing is performed to determine the lift variation achieved.
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2. CONCURRENT AEROELASTIC ANALYSIS METHOD
FOR 3D MORPHING WINGS
Compliant morphing structures are intrinsically subjected to the contradictory requirement of being both load-carrying and ﬂexible. The wing should be rigid enough
to withstand the external loads without compromising its aerodynamic function, yet
suﬃciently ﬂexible to be able to achieve the required deformed shapes. The structural
displacements of the compliant structure have the potential to signiﬁcantly aﬀect the
aerodynamic performance of the wing, and in turn, the loads generated by the pressure distribution can considerably deform the wing sections. Moreover, the principal
limiting factor of the dive speed (VD ) of compliance based morphing wing design
is the dynamic aeroelastic instability or ﬂutter onset and therefore including ﬂutter
calculations is imperative, to avoid ﬂutter-prone designs. Thus realistic information
regarding the performance of the compliant wing can only be determined by considering the mutual interplay between the compliant structures and aerodynamic forces.
A concurrent aeroelastic approach, applicable to 3D wings in both static and dynamic
domains, similar to the ones used during the optimization of the baseline individual
is developed and utilized [2].

2.1

Static Aeroelasticity
The static 3D aeroelastic analysis method is based on the weak coupling be-

tween structural ﬁnite element analysis and 3D aerodynamic analysis methods. A
schematic of the concurrent aeroelastic approach is shown in the ﬁg. 2.1. For a given
structural conﬁguration, a linear or non-linear structural analysis is performed using the commercial FE analysis program, Abaqus® /Standard. The coordinates and
displacements of ﬁnite element nodes are extracted from the output database of the
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structural analysis to form the deformed wing shape. A 3D aerodynamic analysis
based on extended non-linear lifting line theory is carried out on the deformed wing
shape which results in a pressure distribution. The estimated pressure load is distributed over the ﬁnite element model and the structural analysis is repeated with
new loading condition and so on. This iterative process continues until the changes
in deformed wing shape is less than 5%. The designs that result in divergence are directly rejected, as they do not progress towards convergence [2]. The major elements
of the static aeroelastic analysis method are described in the following sections.

Start

Pressure D istribut ion
( Jnit ial value

= 0)

Structural A nalysis
(Lineo.r/ Non-lineo.r FEA )

i...--------Update pressure

3 D Aerody na mic Ana lys is
(IVon-linear lifting line theory)

Displacem e nts

Update wing shape

Stop
Figure 2.1. Schematic of the static 3D aeroelastic analysis method
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2.1.1

Structural Analysis

The mechanical response of the morphing wings is assessed utilizing a ﬁnite element model developed in the commercial solver Abaqus® /Standard. The description
of the ﬁnite element models is discussed in detail in section 3.2.2. The major shortcomings of the ﬁnite element model are the diﬃculty in performing the aerodynamic
analysis over the corrugated region usually present on the bottom wing surface and
increased computational time for constructing the modiﬁed stiﬀness equation after
implementing the tie constraints.

Figure 2.2. Low ﬁdelity FE model of wing half-span having diﬀerent
part instances merged and corrugated skin homogenized as a ﬂat plate

Consequently, a simpliﬁed model henceforth the label low ﬁdelity model shown in
the ﬁg. 2.2, is developed to reduce the computational cost of the analysis. The ﬁrst
simpliﬁcation involves substituting the corrugated extensible skin with a ﬂat plate
of equivalent mechanical properties, in consideration of the inability of the aerodynamic code to handle corrugated geometry. Therefore, the substitute ﬂat plate is
modeled with equivalent properties by assigning homogenized stress tensor coeﬃcients (General Shell Stiﬀness) computed from the ABD matrix of the corrugated
skin, employing the algorithm deﬁned by Kress et al. [44] Further in the low ﬁdelity
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model, all tie interfaces are replaced with a single sheet of material with the master and slave components represented as layers within the composite layup. Thus
the entire assembly consisting of discrete components such as skin, piezo-actuator,
compliant ribs, stringers, and corrugation is replaced by a single part. However, the
contact interaction between the bi-stable plates and the ribs are not simpliﬁed because Abaqus® /Standard requires a separate part instance to be able to import the
pre-strain results from a previous analysis.
The eﬀect of actuation simulated by the thermal analogy is deﬁned by predeﬁned
ﬁelds in the loads section. The piezoelectric layers attached to the top and bottom
surface of the wing is subjected to diﬀerent voltage values and merger of part instances
models these layers as laminates inside a single layup. The predeﬁned ﬁelds module
allows either constant voltage value to be assigned to composite layup or a gradient
varying across the layup. Therefore, to obtain equivalent behavior under the single
applied voltage value (top layer voltage value), the sign and magnitude of the bottom
layer expansion coeﬃcients, d31 &d33 are adjusted appropriately.
The lifting line theory uses sectional airfoil lift data to estimate the 3D aerodynamic coeﬃcients. The ﬁnite element model is partitioned uniformly along the span,
to create 40 airfoil sections. Node sets are deﬁned at these airfoil sections to aid
in extracting the nodal coordinates and displacements. The nodal output data are
arranged in terms of their respective node numbers and hence to properly arrange the
nodal output based on their coordinate location, the nodes on the upper and bottom
surface of the airfoil section are deﬁned as separate node sets. The nodal coordinates
and displacements are added to get the deformed shape of the airfoil section. The
pressure loads, determined at span-wise sections, are distributed over the entire wing
surface by utilizing the distance weighting interpolation algorithm (mapped ﬁeld)
provided by Abaqus [45]. The resolution of the mapped ﬁeld is adjusted to evenly
distribute the pressure loads over the wing surface without losing the span-wise variation. The resulting pressure distribution is applied to the ﬁnite element nodes as
shown in ﬁg. 2.3.
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PDLOAD

Figure 2.3. Aerodynamic pressure distribution (PDLOAD) on the
wing surface. Units: MPa

Once the structural analysis of the FE wing model is executed, the nodal displacements resulting from the activation of the actuators and pressure loads, are used to
deﬁne the updated aerodynamic shape of the wing. The eﬀective chord calculated
from the deformed airfoil shape and the updated sectional airfoil coordinates are given
as input to the aerodynamic subsystem.

2.1.2

3D Aerodynamic Analysis

The 3D aerodynamic analysis follows the structural analysis in the static aeroelastic method shown in the ﬁg. 2.1. For a given ﬂight condition and structural conﬁguration, the aerodynamic analysis is carried out by means of a non-linear lifting
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line method [46, 47]. This is performed by ﬁrst calculating the 2D aerodynamic
analysis at 40 uniformly spaced span-wise sections, to identify the lift curves. This
is achieved by using XFOIL [48], a code based on 2D panel method with coupled
boundary-layer models that can consider viscous phenomena and occurrence of ﬂow
separation. The deformed airfoil sections are normalized by their eﬀective chord followed by re-paneling of the airfoil nodes to suit the aerodynamic environment. The
corrugation is simulated as a ﬂat section, hence to consider the drag penalty caused
by the semi-circular sections, boundary layer transition is forced at the location of
the ﬁrst semi-circular segment. The lift curves for each airfoil section is obtained by
sweeping the angle of attack from −15° to +15°at the given ﬂight speed.
Secondly, the nonlinear extended lifting line method is employed using the lift
curves for each section enabling the calculation of the span-wise lift distribution, the
induced angle of attack, and the induced drag. The proﬁle drag coeﬃcient (form drag
plus skin friction) and the pressure distribution of each section are evaluated again,
by means of XFOIL, at the eﬀective angle of attack. The total drag of the wing is
calculated as the sum of the proﬁle drag integrated along the wing (parasitic drag)
plus the induced drag. The aerodynamic results of a typical analysis are shown in
the ﬁg. 2.4, where the red lines show the lift distribution, black lines indicate the
downwash velocity and the blue lines represent the streamlines of the airﬂow. It is
clear from the ﬁg. 2.4 that the tip eﬀects are considered in the analysis exhibited
by the vortices and span-wise variation of the downwash. The structural analysis is
executed again with the updated pressure loads yielding a new aerodynamic shape.
The static aeroelastic method is validated against the results presented by Molinari
et al. [43]

2.2

Dynamic Aeroelasticity: Flutter
The principal limiting factor for the dive speed (VD ) of compliance based morphing

wing design, is the dynamic aeroelastic instability or ﬂutter onset. The reduced
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Figure 2.4. Visual representation of the 3D Aerodynamic analysis:
red lines show the lift distribution, black lines indicate the downwash
velocity and the blue lines are the ﬂow streamlines

stiﬀness of the rear compliant section of the wing leads to a frequency decrease of the
structural eigenmodes involving camber deﬂections [49]. The corresponding variation
in the aerodynamic behavior resulting from such motion drives the excitation of other
modes, inducing premature coalescence. Consequently, including ﬂutter calculations
during the optimization is imperative, to avoid ﬂutter-prone designs. The ﬂutter
point decides the absolute maximum speed (dive speed VD ) above which the aircraft
must not ﬂy. The FAA Part 23 regulation calls for absence from ﬂutter up to 1.2
times the dive speed VD . The ability of the current design to operate without the
occurrence of ﬂutter is safely ensured by limiting the dive speed, VD to 75% of the
ﬂutter speed, VF (1.33 times the dive speed VD )
A linearized ﬂutter analysis technique based on quasi-steady aerodynamics and
assumed mode shapes, is employed to predict the onset of ﬂutter [50]. The schematic
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Figure 2.5. Schematic of the linearized ﬂutter analysis technique by
assumed modes with quasi-steady aerodynamics approximation.

of the ﬂutter analysis method is shown in the ﬁg. 2.5. The ﬁrst ten eigenmodes of the
structure are chosen as the shape functions, to capture the relevant behavior of the
compliant section [51]. The ﬁrst ten eigenmodes capture the main dynamic phenomena leading to the occurrence of ﬂutter: it has been observed that including a higher
number of modal shapes does not contribute to any variations in the ﬂutter speed.
A linear perturbation-frequency analysis is performed using Abaqus® /Standard to
compute the natural frequencies and associated mode shapes of the wing structure.
The eigenvector (nodal displacements and rotations) for each mode shape is arranged
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in order of its degrees of freedom which is based on the assembly-level node numbering
scheme. The modal matrix is formed as follows:
Φ = [Φ1 , Φ2 , ..., Φ10 ]D×10

(2.1)

where Φi is a column eigenvector of the ith mode and D is the total number of degrees
of freedom in the ﬁnite element model. For shell elements, D = (total number of nodes−
number of slave nodes) × 6, the slave nodes count is non-zero only if more than one
part instances are present in the assembly and master-slave contact interaction is
deﬁned between them.
The quasi-steady approximation assumes that at any instant of time, the airfoil
behaves with the characteristics of the same airfoil moving with a constant heave
and/or pitch velocities equal to the instantaneous values, implying that there are no
frequency dependent eﬀects [52]. The exclusion of the frequency dependent eﬀects on
the aerodynamic response results in a zero-order system. For the considered system
and operational conditions, the reduced frequency is always greater than unity:
Kω =

ωc
>1
V∞

--

(2.2)

where ω the aeroelastic modal frequency, c the mean chord and V∞ the ﬂight speed.
The limited mass of the wing in conjunction with the slow ﬂight speed yields conditions in which the response of the structure is relatively fast with respect to the
dynamics of the airﬂow. The Theodorsen’s unsteady aerodynamic theory [53] indicates that compared to quasi-steady aerodynamic response, there is a reduction in
magnitude and an introduction of phase lag between the airfoil motion and the unsteady aerodynamic response systems (quasi-steady values are always in-phase). The
unsteady eﬀects are modeled as a ﬁlter that modiﬁes the quasi-steady lift values at
some reduced frequency (Kω ) by Theodorsen’s function:
C(Kω ) = F (Kω ) + iG(Kω )

(2.3)

where F (Kω ) and G(Kω ) are the measure of amplitude change and phase lag of the
unsteady aerodynamic response respectively. For systems having reduced frequency
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of approximately 2 (Kω ≈ 2), the amplitude reduction factor and phase lag are,
F (K) ≈ 0.5 and G(Kω ) ≈ 0.06 respectively. Hence the quasi-steady aerodynamic
approximation (with F (Kω ) = 1, G(Kω ) = 0) is reasonable and makes the zero-order
approximation conservative since the real amplitude of the aerodynamic response will
be smaller than what is predicted by the stationary methods. The aerodynamic response of the modal shapes is computed by the aforementioned extended nonlinear
lifting line technique, as described in Section 2.1.2. The amplitude of the eigenvectors is chosen to produce signiﬁcant pressure distribution variation between each
mode shape. The corresponding eigenvector amplitude for preserved for all modal
reduction operations. The ﬂutter behavior is performed for simple ”wing-alone” system with a built-in root and hence only the ﬂexible modes are considered, and the
equations have to be derived for displacements and rotations relative to the inertial
axes. Consequently, the rigid body mode associated with the pitching of the whole
aircraft to achieve the geometric wing angle of attack (α) is neglected. However, a
non-zero angle of attack is necessary to derive proper pressure distribution across
the wing surface, hence the pressure coeﬃcient (Cp ) distribution is estimated for an
eﬀective angle of attack (αtwist + α) and the contribution of the rigid body mode is
subtracted as shown below:
Cp * (Φ) = Cp (Φ) − Cp (0)

(2.4)

where Cp * (Φ is the pressure contribution from the elastic modes alone and Cp (0) is the
pressure distribution of the base state (undeformed wing structure) at the geometric
angle of attack (α). The lift of a wing is given by L = AIC (αtwist + α), hence
subtracting the inﬂuence coeﬃcients corresponding to the geometric angle of attack
leaves only the coeﬃcients related to the elastic twist, which is the characteristic of
a mode shape. This process removes the dependence of ﬂutter results on the wing
angle of attack (α). The aerodynamic force vector for a quasi-steady problem in the
modal space is expressed as
F̄ = ΦT [J T Ψ]Φ

(2.5)
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where, Φ is the modal matrix, J = -12 ρ V∞ 2 is the dynamic pressure, T is the transformation matrix and Ψ is the inﬂuence coeﬃcients. The inﬂuence coeﬃcients are the
characteristic pressure distribution for each mode shape, Ψ = Cp * (Φ).
The system matrices are formulated by performing a matrix generation analysis
of FE model using Abaqus® /Standard. The predeﬁned ﬁelds module is not compatible with matrix generation procedure, hence has to be removed to avoid having
garbage values in the system matrices. The mass (M ) and stiﬀness (K) matrices are
extracted for the ﬁnite element model. The aerodynamic force vector (F̄ ) is obtained
by distributing the pressure coeﬃcients (Cp * (Φ)) for each mode shape over the ﬁnite
element model and generating the nodal force vector. The dynamic pressure is not
included since ﬂight speed is a variable in the ﬂutter calculation. The mapped ﬁeld
load distribution described in section 3.2.1 does the work of the transformation matrix (T ). The computed nodal force vector (FN ) and the resulting aerodynamic force
vector (F̄ ) becomes:
FN = [T Ψ Φ]D×10
F̄ = [J ΦT FN ]10×10

(2.6)
(2.7)

¯ = ΦT [K]Φ) and the
The system matrices are modal reduced (M̄ = ΦT [M ]Φ & K
governing equation for the ﬂutter in the Laplace domain is given as
¯ 10×10 − F¯10×10 | = 0
|M̄10×10 s2 + K

(2.8)

The eigenvalues and eigenvectors of the ﬂutter system are calculated for a series of
dynamic pressures, and the condition at which an aeroelastic eigenmode becomes
negatively damped is identiﬁed as the ﬂutter speed. The aeroelastic modal frequency
(ω) is the imaginary part of the eigenvalue and aeroelastic modal damping (ωd ) is the
real part of the eigenvalue, s.
ω = imag(s)
ωd = real(s)

(2.9)
(2.10)
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The variation of the aeroelastic modal frequency (ω) as a function of the ﬂight speed
for the linear morphing wing at its baseline design, reveals that the modes 5 & 6
coalesce at V∞ = 40m/s, giving rise to negative aerodynamic damping and onset of
ﬂutter, as shown in ﬁg. 2.6. Therefore substantiating the design dive speed, VD =
30m/s (75% of the ﬂutter speed, VF = 40m/s). The ﬂexible mode shapes of the
linear morphing wing are benchmarked against the reference model provided and the
linearized ﬂutter analysis method is validated against the CFD technique presented
by Molinari et al. [54], that incorporates unsteady aerodynamics.
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2.3

Summary
The concurrent aeroelastic method in the static and dynamic domain is devel-

oped by coupling the capabilities of Abaqus® and XFOIL through dedicated Python
scripts. This two-way coupled aeroelastic approach will be employed to obtain realistic behavior of the morphing wings under various ﬂight regimes. Accurate pressure
load predictions present considerable advantage when optimizing the structure against
strength and stability criteria. The mathematical background for the linearized ﬂutter
analysis method is detailed and the ﬂutter analysis tool facilitates the estimation of
the maximum dive speed achievable by the morphing wing. These analysis methods
can be incorporated with optimization algorithms, owing to their eﬃcient run-time
to seamlessly run an optimization procedure in order to enhance the performance of
the morphing system under study.
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3. SMART MORPHING WING: OPTIMIZATION OF
DISTRIBUTED PIEZOELECTRIC ACTUATION
This chapter is based on the conference publication: Henry, Ashwin
C., Giulio Molinari, and Andres F. Arrieta. ”Smart Morphing Wing:
Optimization of Distributed Piezoelectric Actuation.” 25th AIAA/AHS
Adaptive Structures Conference. 2017. An AIAA journal paper is under
preparation and will be submitted in January 2018.
This chapter aims to identify the optimal structural parameters of distributed
piezoelectric actuators on a compliant morphing wing for maximizing the performance, measured in terms of the maximum achievable rolling moment and ﬂutter
speed, under aeroelastic loads. In particular, the impact and potential improvements
in the structural eﬃciency and ﬂutter speed obtained by considering the load-carrying
capabilities of distributed actuators are investigated. The morphing concept considered in this study [54] is based on chord-wise deformation of the wing to eﬀectively
supplant conventional ailerons. Camber shape changes are induced by distributed
smart actuators, in the form of piezoelectric Macro Fiber Composite (MFC) patches;
enabling greater actuation speeds, owing to the lower inertia of the components. This
property leads to higher actuation bandwidth, beneﬁcial characteristic for the primary
controls of vehicles, and experimentally demonstrated for the case of a small UAV [55].
The low inertia design is enabled by the distributed nature of the actuation capable
of imparting forces over a comparatively large surface, thereby eliminating the need
for load introduction reinforcements and hence allowing for additional mass saving.
Active deformations in the proposed concept are limited to the rearmost section of
the wing, in the view of achieving signiﬁcant lift variation with minimal mechanical
eﬀort. This choice is beneﬁcial, as the design of the leading edge, encountering a
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stronger pressure ﬁeld, can be maintained rigid. However, the current model considers constant anti-symmetrical actuation level on each half-wing, to generate the
rolling moment. The concept possesses greater control law allows variable actuation
levels along the span and in consequence, can tailor the lift distribution and actively
suppress ﬂutter [56], enabling faster ﬂight. [54]

3.1

Baseline Morphing Design: Smart Morphing Wing
A multi-objective design methodology has been used by Molinari et al. to opti-

mize a baseline morphing wing as described in detail in Refs. [3, 43, 54]. The wings
have been designed to replace the conventional counterparts of a Seagull SEA3160
airplane model, a scaled rendition of a Pilatus PC-6, chosen because of its dimensions
(wingspan of 1.6m and wing chord of 0.3m), the simple aerodynamic design of its
wings, and its capacious payload bay. This unmanned vehicle operates at speeds up
to 30m/s and has a manufacturer empty weight of 3.8kg. To facilitate comparisons
with literature studies, the undeformed outer shape has been ﬁxed to the geometry
of a NACA 0012 airfoil.
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the baseline individual smart morphing wings, adapted from ref. [57]
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3.1.1

Actuators

The mechanical energy needed for morphing is provided by three sets of Macro
Fiber Composite (MFC) piezoelectric elements on each wing. These actuators are
evenly distributed along the wingspan, to achieve a pseudo-uniform active deﬂection
amplitude along the span. Each of the three actuators features three pairs of MFC
piezoelectric patches in bi-morph conﬁguration as shown in the ﬁg. 3.2. Two pairs
are located on the upper side of the proﬁle, and the third pair is positioned on
its lower side. In the baseline design, the commercial oﬀ-the-shelf patches M-8557P1 (active area of 85mm × 57mm) were selected; these actuators feature an active
thickness of 190µm and operate at voltages between −500V and +1500V. In addition
to providing mechanical energy for the deformation of the wing, the piezoelectric
elements increase the stiﬀness of the overall structure, leading to higher load-carrying
[58]. Their mechanical properties are therefore exploited to carry structural loads,
rendering these devices truly multi-functional.

3.1.2

Skin

The majority of the wing components are manufactured with composite materials, due to their lightweight characteristics and to the possibility of exploiting their
anisotropic behavior. The wing-box is designed as a semi-monocoque D-nose, limiting the active shape changes to the rear part of the proﬁle. The front section is
not actively deformed, allowing for a stiﬀer construction with the purpose of carrying
the majority of the global shear, bending and torsional loads. It features a single
C-shaped CFRP fabric spar and a total of four L-shaped CFRP fabric stringers. The
wing compliant section features as well skin panels manufactured in ﬁber reinforced
plastic, with a more compliant layup than the leading edge area. The skin panels,
subjected to membrane loads, are manufactured with a layup combining CFRP UD
and GFRP fabric layers as indicated in table 3.1
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Flexible skin

Corrugated
flexible skin

ComPL"iant section

Figure 3.2. Illustration of the smart morphing wing concept, adapted
from refs. [3, 43, 54].

3.1.3

Structural Members

The deformation of the skin is guided by compliant ribs, positioned adjacent to
each set of MFC actuators and characterized by a distributed compliance, truss-like
structure. These markedly compliant parts are laser-sintered polypropylene thermoplastic. The region between two adjacent compliant ribs including a set of MFC
actuators is deﬁned as the rib station, shown in ﬁg. 3.4. The wing features three
rib stations, one on either end of the wing and one at the center. Two additional
L-shaped stringers on the upper-side and one stringer on the lower side of the wing
are introduced for carrying span-wise bending loads, to prevent panel buckling, and
to distribute the actuation provided by the three sets of actuators to the rest of the
skin. The chord-wise elongation of the airfoil perimeter is permitted by an extensible corrugated GFRP skin panel located on the lower side of the proﬁle, towards
the trailing edge. Owing to its highly anisotropic behavior, it provides load carrying
capability by eﬀectively transferring the load to the adjacent ribs, without hindering
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the shape changes. On the other hand, the corrugated panel is suﬃciently stiﬀ for the
load cases of span-wise bending, span-wise extension and in-plane shear to retain the
shape between the compliant ribs. With the aim of further reducing the aerodynamic
impact of this part, the corrugation has been produced with the smallest manufacturable radius for each wave, equal to 2.5mm. To maximize the ratio between stiﬀness
in the compliant and in the rigid direction, the corrugation is designed with a depth
Ψ0 = 180°. [44]. The composite material laminates used for the diﬀerent components
are listed in the table 3.1.

Table 3.1. Composite laminate lay-ups used in the smart morphing
wing, adapted from ref. [42]
Component

Materials and stacking angles (0= along the span)

Thickness (mm)

Leading edge skin

(CFRP UD 0°, CFRP UD 90°, GFRP F. 0°, CFRP UD 90°, 0.5×GFRP F. 0°)symm

1.194

Trailing edge skin

(CFRP UD 0°, 1.5×GFRP F. 0°)symm

0.438

Trailing edge corrugation

3×GFRP F. 0°

0.12

Spar web and ﬂanges, stringers

4×CFRP F. 0°

0.9

3.2

Optimization of Distributed Piezoelectric Actuator Geometry
The main goal of the optimization study previously performed on the baseline de-

sign was to demonstrate the feasibility of 3D compliance based morphing structures
utilizing distributed actuators. The conventional ailerons were replaced with a compliant morphing solution able to provide suﬃcient roll control authority, operate at
ﬂight speeds of up to 30m/s. The rib topology was the main object of the optimization process of the baseline system, as the truss-like structure satisﬁes the trade-oﬀ
between the morphing ability and required stiﬀness distribution. The variation of
topology and geometry of the rib alters the deformed shape, thereby eﬀectively varying the aerodynamic properties. The parametrization of the truss-like structure was
performed using a compact, Voronoi graph-based representation, characterized by a
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small set of design variables. The thickness and layup of the various ﬁber-reinforced
components were determined from prior studies, accounting for the limitations posed
by the manufacturing constraints, and was not included in the optimization. Complementing the previous optimization of the geometry of the ribs, the laminates lay-up
deﬁned in terms of the number and orientation of the plies was taken into account for
herein presented optimization. The present study attempts to exploit this space, by
overlooking the market availability aspect and characterizing the eﬀect of width (WP )
and thickness distribution of the distributed actuator (TP ) and wing skin section (TS )
on the wing performance.
The objective of the current optimization is to obtain the bi-morph conﬁguration
for the wing section which maximizes the rolling moment coeﬃcient (Croll ) and ﬂutter
speed (VF ) with a limited mass penalty while assuring the capacity to withstand the
aerodynamic forces acting on the structure. The compliant nature of the morphing
structure requires the consideration of the aeroelastic interactions to properly assess
the wing behavior. The resulting non-linear aeroelastic problem is solved by using a
3D static aeroelastic analysis tool described in the section 2. The detailed approach
of the current study is illustrated in the ﬂowchart in ﬁg. 3.3:

Structural
Parameters
Structural Analysis

I

(Linear static/ perturbation)

Performance
Evaluation

3D Aeroelastic
analysis

Post- rocessin

(Static Dynamic
.,..,,,,,.

Pressure Distribution

Displacements

(Loads/ Force vector)

(Airfoil shape/ Eigenvector)

3D Aerodynamic Analysis
(Non-linear lifting line theory)

Figure 3.3. Description of the optimization procedure for maximizing
the performance of the morphing wing.
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The distributed actuation methodology relies on the seamless trailing edge deﬂection of the entire span, contrary to the localized deﬂection of the conventional aileron.
As a result, the distributed actuation method can impart considerable downward velocities to the onﬂow with comparatively smaller deﬂection amplitudes. Accordingly,
increasing the rolling moment demands higher deﬂection amplitude, possible by improving the compliance of the structure while satisfying the load-carrying requirements. Meanwhile, the onset of ﬂutter requires higher structural stiﬀness, posing the
challenge of attaining a balance between the competing objective demands.

/Bi-morph layup
,.

,. ,. ,.

,. ,.'

\
\

\
\

\

.

Figure 3.4. Illustration of the rib station and bi-morph actuator along
with the geometrical variables used in the optimization study.

3.2.1

Structural Parameters

Actuators in bi-morph conﬁguration can be considered as a three-layer device in
which the piezoelectric layers are ﬁxed to the outer surfaces of a structural substrate.
The electrical connections of a bi-morph actuator are performed such that the electric
ﬁeld is in the same direction as the poling direction in the top layer, whereas in the
bottom layer the electric ﬁeld is in the opposite direction. Application of an electric
potential produces extension in one of the layers and contraction in the other. The
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net result is a bending of the structure. The bi-morph actuator is shown schematically in ﬁg. 3.4. The present study focuses on identifying the optimal width and
thickness distribution of the bi-morph section alone for existing material property.
The parameters under investigation are the width of the piezoelectric layer (WP ), the
thickness of the piezoelectric layer (TP ) and thickness of the substrate wing skin (TS ).
To roughly estimate the feasible parameter space for the thickness distribution, a
simpliﬁed analysis approach is undertaken. The wing section is assumed to behave
approximately like two separate piezoelectric bi-morph cantilever sections which are
joined at the trailing edge. To begin with, the equations for tip displacement (U ) of
the cantilevered bi-morph are simpliﬁed with non-dimensional parameters. Deﬂection
under electric actuation (UP iezo ) and deﬂection under uniformly distributed pressure
load (UF orce ) are given by
UP iezo =

3 d V LP
(1 + β)
2
(4 + 6β + 3β 2 + 2γ β)
TP

(3.1)

UF orce =

3 P L4P
1
3
4 TP EP (4 + 6β + 3β 2 + 2γ β)

(3.2)

U = UP iezo − UF orce

where, γ =

ES
, (elasticity ratio)
EP

β=

TS
, (thickness ratio)
TP

(3.3)

From the above relations, it is clear that the geometrical parameters inﬂuencing
the tip deﬂection are: length of the bi-morph (LP ), the thickness of the piezoelectric
layer (TP ) and thickness ratio (β) (ratio between the thickness of wing skin and
thickness of the piezoelectric layer). The length of the bi-morph (LP ) is dictated by
the wing chord and D-nose length, therefore it is considered ﬁxed. The remaining
parameters namely piezoelectric thickness (TP ) and thickness ratio (β) are chosen as
the objective parameters for optimization. The initial guess for the parameter space
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Figure 3.5. Variation of tip displacement (U) with thickness ratio (β)
and elasticity ratio (γ)

was to perturb the baseline design to a higher and lower bound. The piezoelectric
actuator thickness (TP ) is allowed to diﬀer from one-half to twice its baseline value
(TP = 0.3mm). To determine the bounds for thickness ratio (β), the variation of
bi-morph tip deﬂection with thickness ratio (β) is observed, taking into account a
uniformly distributed pressure acting against the actuation direction. The dependence
of the tip deﬂection on the thickness ratio (β) and elasticity ratio (γ) can be seen in
ﬁg. 3.5.
It is evident that to obtain maximum tip deﬂections, thickness ratio (β) should
be in the range of 0.25 to 0.75. In this region, a balance is achieved between the
compliance of the structure and its ability to withstand the opposing pressure loads.
If the thickness ratio (β) is above 0.75, the increase in the substrate layer stiﬀness
oﬀers considerable resistance to both electric actuation as well as pressure loading.
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On the other hand, if the chosen thickness ratio (β) is below 0.25, the thickness of
the stiﬀer substrate layer is reduced. Therefore the structures ability to withstand
the opposing pressure load is decreased causing it to deﬂect in the reverse direction.
A closer look shows that around the region of optimal thickness ratio (β), there is a
negligible dependence on the elasticity ratio (γ). Therefore, it can be inferred that the
tip deﬂection is dominated only by the geometry, in the region of optimal thickness
ratio (β).
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Figure 3.6. Variation of tip displacement (U) with piezoelectric width (WP )

The preliminary analysis also shows that varying the width of the piezoelectric
layer (WP ) relative to the substrate layer, results in a linear variation of the tip
deﬂection, irrespective of the thickness distribution, as shown in the ﬁg. 3.6. The
linear variation is expected, because increasing width (WP ) results in a larger active
area for the piezoelectric actuator, thereby resulting in higher displacement amplitude.
Hence it is reasonable to choose the baseline design width (WP = 57 mm) as the lower
bound since the objective is to improve the displacement amplitude. The upper bound
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is limited by the maximum permissible width (spacing between two adjacent ribs,
WS = 79.4 mm). This elementary analysis thus served the purpose of narrowing down
our focus to three parameters and estimate a range of values for these parameters.
The range of the chosen parameters are
57mm ≤ WP ≤ 79.4mm

3.2.2

(3.4)

0.15mm ≤ TP ≤ 0.6mm

(3.5)

0.2 ≤ β ≤ 2.0

(3.6)

Finite Element Model

The structural analysis of the smart wing is assessed utilizing a ﬁnite element
model. The commercial solver Abaqus® CAE is utilized to build the ﬁnite element
model shown in the ﬁg. 3.7. Skin, stringers, spar components, and compliant ribs are
modeled as pure displacement linear shell elements characterized by the equivalent
material properties of their laminates. A mesh convergence study is carried out and
the global element size of 5 is chosen to give precise results with the lesser runtime.
The individual components are bonded to each other using an adhesive, hence the
contact interactions between the interfaces are comparable to a tie constraint. The
adhesive layer properties are however represented as additional layers in the laminate
which allows for their contribution to the overall stiﬀness of the system.
The converse piezoelectric eﬀect (mechanical deformation caused by an electric
ﬁeld) is simulated in the ﬁnite element model by means of thermally induced strain [59].
An arbitrary anisotropic thermal expansion coeﬃcient, equal in value to the piezoelectric strain coeﬃcients d31 and d33 , is assigned to the piezoelectric patches. The
eﬀect of the activation is simulated by imposing a temperature diﬀerence equal in
magnitude to the electric ﬁeld (V/eP ). This thermal analogy assumes a linear relationship between voltage and strain, neglecting the hysteretic and time-dependent
behavior of the actuators. The operating voltage pair for the piezoelectric actuators
is chosen for maximal trailing edge vertical deﬂection without electric breakdown.
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Figure 3.7. Finite element model of the smart morphing wing (half-span)

The peak voltage pair is −500V and +1100V, lower than the maximum voltage of
+1500V due to the tendency of the actuators to develop electric breakdowns. An uncoupled thermal load can be applied to pure displacement elements by the predeﬁned
ﬁelds module in Abaqus® CAE. The anti-symmetric piezoelectric actuation of the
morphing wing causing roll of the aircraft is shown in the ﬁg. 3.8 The ﬁxation system
of the morphing wing to the fuselage is modeled and the mounting surfaces are given
rigid constraints (encastre) which serve as boundary conditions for the ﬁnite element
model.

3.2.3

Flight conditions

The optimization of the selected geometrical parameters requires the consideration
of the static aeroelastic response of the wing. This analysis is conducted in an iterative
loop until convergence is obtained, as described in ﬁg. 3.3. In particular, the static
aeroelastic optimization of the morphing wing considers three ﬂight conditions. In
the ﬁrst condition, the actuators are activated, at an airspeed and angle of attack of
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Figure 3.8. Displacement contour of the morphing wing for a roll
maneuver. Units: mm

VD = 30 m/s and α = 15°respectively, simulating the maximum load factor condition.
Maximizing the trailing edge deﬂection produced by the actuators is the objective for
this particular loading case. In the second condition, a symmetric ﬂight at the design
wing lift coeﬃcient C¯L = 0.5 at dive speed of VD = 30 m/s is achieved and the angle of
attack is identiﬁed through Newton-Raphson iterations (The resulting angle of attack
is deﬁned as the design angle of attack, ᾱ). In the third condition, the actuators are
activated anti-symmetrically on the two half wings (as shown in ﬁg. 3.8), to produce
the maximum rolling moment coeﬃcient, at the design angle of attack ᾱ and dive
speed (VD ). [54] A resulting schematic lift distribution, in terms of circulation for the
three ﬂight conditions is depicted in the ﬁg. 3.9
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3.2.4

Performance Optimization

From the elementary analysis of the cantilevered bi-morph, it can be deduced
that the contributing parameters to trailing edge deﬂection are the width of the
piezoelectric layer (WP ), the thickness of the piezoelectric layer (TP ) and the thickness
ratio (β) as shown in the ﬁg. 3.4. In addition to that, a feasible range of values for
all the variables is identiﬁed. The individual ply-thickness of the composite layup in
the wing skin and the piezoelectric patches are parametrized with the respect to the
variables TP and β. Due to the limitations on ﬁnite element modeling, the width (WP )
variable has to be discrete with increments of 2 mm, except for the upper bound value,
which has an increment of 2.4 mm from its previous value. The thickness variables
(TP , β) have no such limitation, hence are continuous. The parameters are combined
into pairs to form a design set. Each pair denotes a conﬁguration with distinct WP ,
TP and β.
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The scope of the current study is to identify the optimal geometries for the piezoelectric actuators and wing sections as well as capture the characteristic variation of
the objective function with respect to each parameter. The optimization is multiobjective aiming to maximize the rolling moment and ﬂutter speed while minimizing
the total mass of the structure. A Pareto analysis is performed to reveal the complete
trade-oﬀ between these conﬂicting objectives. The formal problem statement for the
multi-objective multi-disciplinary design optimization is:
Minimize:
f1 (x) = −Croll

(3.7)

f2 (x) = −VD

(3.8)

f3 (x) = M ass

(3.9)

Variable bounds:
57mm ≤ WP , x1 ≤ 79.4mm
0.15mm ≤ TP , x2 ≤ 0.6mm
0.2 ≤ β, x3 ≤ 2.0
The objective function evaluations for the rolling moment and dive speed utilizes a
combination of discrete (WP ) and continuous design variables (TP , β) with a computationally expensive multidisciplinary stand-alone code (runtime ≈ 1.5hrs for one
design set). Taking into account the computational cost, sequential response surface
technique [60] is thereby deemed appropriate to develop surrogate models for the objective functions as shown in the ﬁg. 3.10. The surrogate model is developed for an
initial range of variables, utilizing which an approximate optimum is calculated, then
the variable bounds are adjusted to lie closer to the approximate optimum point and
the surrogate model generation is repeated for the updated range of variables and so
on. This process is iterative and stops when the variable values at the optimum point
do not vary more than 5%. The curve-ﬁtting of the design points is an optimization
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Figure 3.10. Flow diagram of the sequential response surface optimization method

problem of its own in which the degree of the polynomials and robustness of the ﬁt
are the parameters, and the root mean square error, R-square value, and width of the
95% prediction bound intervals are the objectives. The initial number of the design
data points for generating the response surface is based on three level full-factorial
design (33 =27 points for 3 levels and 3 variables). The optimum number of design
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points is determined by systematically incrementing the number of points from the
initial set, until the step where the response surface polynomial coeﬃcients no longer
change signiﬁcantly. The data points for rolling moment function evaluations ﬁt adequately with no outliers yielding an R-square value of 0.99, thus linear least squares
ﬁt is suﬃcient. On the other hand, the dive speed data exhibits a number of outlier points, requiring a bi-square weighted least squares method. Normalization of
the design variables is conducted to minimize the eﬀect of outliers and to obtain a
better-conditioned ﬁt resulting in an R-square value of 0.94. The response surfaces
in addition to being smooth polynomials also show that the objective functions are
unimodal, thereby allowing the use of gradient-based optimization algorithm. The sequential quadratic programming algorithm provided by Matlab’s fmincon is selected,
owing to higher speed obtained by handling linear and non-linear constraints separately without conversion and its capability to strictly enforce the bounds.
Pareto optimality theory is adopted to evaluate the trade-oﬀ between the competing objectives. The ε-constraint (Gaming) approach [61] is undertaken to generate
the Pareto optimal set, considering the capacity to capture non-convex Pareto frontiers. The ε-constraint method treats one of the objectives as a primary objective
function, while others are accounted as equality constraints with a limit values, εi .
The limit values (εi ) are changed in an orderly fashion to achieve the set of Pareto
optimal points. The procedure is then repeated with diﬀerent primary objectives to
achieve better-conditioned Pareto frontiers.

3.3

Results and Discussion
The optimization is carried out in two stages; in the ﬁrst stage, only the thickness

variables are studied, with piezoelectric layer width being equal to the baseline value
(WP = 57 mm). The ﬁrst stage analysis is carried out to demonstrate the similarities
in the variation of trailing edge deﬂection and rolling moment with the thickness
variables (TP & β). In the second stage, a full-factorial design of experiments with
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all three design variables over the entire design parameter space is conducted to
identify the approximate optimum point. The optimization is repeated sequentially
by restricting the parameter space closer to the optimum region, to pinpoint the exact
optimum design conﬁguration.

3.3.1

Stage 1: Thickness parameters with baseline width

The thickness variables are chosen for the stage 1 optimization, to study its speciﬁc
eﬀect on the rolling moment and ﬂutter speed. Moreover, the need for inclusion of additional parameters during optimization is substantiated by the stage 1 optimization
analysis. The initial width of the piezoelectric actuator is WP = 57 mm, prescribed
by the oﬀ-the-shelf piezoelectric actuators used in the baseline design. The baseline
design has a skin thickness, TS = 0.438 mm and an actuator thickness, TP = 0.3 mm,
which serves as the start point for the optimization.

Trailing edge deﬂection
For the ﬁrst ﬂight condition, the average vertical deﬂection for each conﬁguration
is calculated from the displacement data extracted from the aeroelastic study. Surface
and contour plots of the response surface are created to visualize the displacement
behavior of the conﬁgurations with respect to the parameters: thickness of the wing
skin (TS ) and thickness of the piezoelectric actuator (TP ), as shown in ﬁg. 3.11. The
pointers on the plots show the position of baseline design. It is clear that there
is limited room for improvement when considering the thickness parameter alone.
The optimal skin thickness (TS ) is in the range of 0.4 mm to 0.8 mm. A decrease in
deﬂection values is observed outside the optimal range of skin thickness, pointing out
that the assumed range of values is appropriate for optimization, and extension of
the range is not necessary.
A steep decrease is noted for conﬁgurations having TS lower than 0.4 mm, characterized by thinner and varying contour bands as seen in ﬁg. 3.11. Although the
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gradient improves slightly with the increasing piezoelectric thickness (TP ) value, it is
still comparably steeper. This is due to the fact that wing structure with thinner skin
thickness (TS ≤ 0.4 mm) are excessively compliant and therefore incapable of withstanding the aerodynamic pressure loads, causing higher deﬂections opposing the work
done by the piezoelectric actuators. Even though the actuators possessing thickness
above 0.35 mm can provide higher mechanical energy than the baseline design for
deﬂection, it can be observed that the displacement amplitude for TS ≤ 0.4 mm reduces. This phenomenon is due to the loss of actuation transfer to the trailing edge,
as a result of bending deformations being local around the actuator edges. These
excessively compliant designs are prone to ﬂutter instability, hence are considered to
be infeasible. The ﬂutter prone region of the parameter space is illustrated in the
contour plot with the black dashed line forming the ﬂutter boundary.
A gradual decrease in deﬂection is observed beyond skin thickness values of 0.8 mm,
indicated by broader contour bands. The decreasing trend in deﬂection values for
thicker skin structure (TS ≥ 0.8 mm) is caused by two reasons, depending on the
thickness of piezoelectric actuator TP . Thinner actuators (TP ≤ 0.35 mm) have a
relatively steeper drop in deﬂection values owing to the inability of the actuators to
generate suﬃcient mechanical energy to deﬂect the stiﬀer structure. On the other
hand, the wing structure loses its compliance for thicker actuators (TP ≥ 0.45 mm),
becoming exceedingly stiﬀ. A balance between the skin and actuator thickness is essential to reasonably improve the deﬂection with respect to the reference value. From
the contour plot, it is evident that this balance is achieved for a narrow range of skin
thickness values (0.4mm ≤ TP ≤ 0.8mm) in addition to the actuator thickness TP
values being above 0.35 mm.
To evaluate the compromise between the deﬂection increase and mass increase, the
Pareto optimality theory is adopted. The mass is computed for each conﬁguration and
the relative variation in mass versus relative variation in deﬂection is plotted to obtain
the Pareto optimal front, as shown in ﬁg. 3.12. The focus is to capture the trade-oﬀ
between deﬂection and mass. The inclusion of ﬂutter constraint is necessary as it
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inﬂuences the trade-oﬀ behavior. The ﬂutter prone infeasible designs are separated
from the feasible designs by the black dashed line in ﬁg. 3.12. The ﬂutter constraint
restricts the feasible space rending lighter designs infeasible, reducing the potential
for signiﬁcant mass reduction. The bottom left region of the Pareto plot is deﬁned
as the target zone, yielding design points exhibiting multi-objective improvement.
From the ﬁg. 3.12, the reduced number of solutions in the target zone indicates
that it is not possible to signiﬁcantly increase the deﬂection with simultaneous mass
reduction through the variation of thickness distribution alone. This is because the
parameter values in the optimal range comprise relatively thicker skins, making it
stiﬀer for better counteracting the external aerodynamic loads opposing the actuation.
Consequently, stiﬀer skins require thicker piezoelectric layers to satisfactorily actuate
the wing skin against the loads. Thereby the coupled increase in thickness of skin and
piezoelectric layers inevitably leads to the increase in mass. The obtained results in
ﬁg. 3.12 reveals the best possible increase in trailing edge deﬂection to be 40.04% with
associated with a mass increase of 17.64% (TP = 0.485 & TS = 0.6305). Constraining
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the a mass increase to be below 2%, the maximum deﬂection increase is reduced
to 8.06% (TP = 0.4 & TS = 0.328). This result clearly indicates the strong tradeoﬀ between increased TE deﬂection and additional mass introduced in this type of
compliant morphing wing.

Rolling moment
The rolling moment coeﬃcient (Croll ) for each conﬁguration is estimated from
the third ﬂight condition considered in the design and optimization study. The Croll
response surface and contour plots allows for understanding its dependence on parameters TS and TP , as shown in ﬁg. 3.13. The trend of the rolling moment coeﬃcient
(Croll ) as a function of the thickness parameters is similar to the deﬂection trend
considered earlier, but the feasible or optimal region is more limited. The pointer on
the surface indicates the performance of the baseline design and it is evident that the
baseline design is nearly optimal. The optimal range of the skin thickness (TS ) values
are found to lie between 0.3 mm and 0.55 mm, combined with the piezoelectric thickness (TP ) values above 0.35 mm. The rolling moment is more sensitive to the trade-oﬀ
between compliance and load-carrying ability than the deﬂection counterpart. This
can be clearly seen by the steep decrease in Croll above and below the optimal range,
marked by thinner and numerous contour bands. The deﬂection behavior, on the
other hand, shows a gradual decrease for thicker skins and steep decrease for thinner
skins. A considerable skin thickness is required to avoid local bulging deformations
and achieve a smooth proﬁle change, besides opposing the deﬂection caused by aerodynamic pressure. The compliant design conﬁgurations which are prone to ﬂutter
are marked in the contour plot. The ﬂutter boundary restricts the parameter space,
providing no scope for mass reduction through smaller thickness designs. To accommodate the thicker skins, actuators should be able to introduce suﬃcient mechanical
energy, hence possess suﬃcient thickness. This dependence of lift on camber variation
achieved by the actuation can be seen as the reason for the increased sensitivity of
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Figure 3.14. Pareto optimality plot showing the baseline conﬁguration
and data points based on maximizing rolling moment (Croll )

the Croll variation with the thickness parameters and associated limitation on the
optimal range.
The major limitation on improving the rolling moment is the mass penalty that
accompanies the design change, by virtue of the same reasoning as discussed earlier
for deﬂection behavior. Similar to the deﬂection behavior, the number of designs in
the target zone is limited. In the case of rolling moment optimization, the maximum
achievable increase is 5.94% with mass penalty of 11.38% (TP = 0.6 & TS = 0.408).
If the allowable mass increase is 2% then the increase is 5.61% and with no permitted
mass penalty, the maximum achievable increase in the rolling moment is only 4.82%
(TP = 0.39 & TS = 0.3588).
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Speed
The dive speed VD is deﬁned to be equal to 75% of the ﬂutter speed, VF . Hence
to determine the maximum design speed of the aircraft, the ﬂutter speed is computed
using the method described in section 2.2. The response surface plot of ﬂutter speed,
VF against the thickness parameters, TS and TP is shown in 3.15. The pointer shows
the location of the baseline design on the surface plot.

--00
........._

S

80

Figure 3.15. 3D surface plot showing the variation of ﬂutter speed
(VF ) with skin thickness (TS ) and actuator thickness (TP )

A curvilinear increase in ﬂutter speed is observed with increasing skin thickness
(TS ), while a linear relationship exists with respect to piezoelectric actuator thickness
(TP ). The ﬂutter speed depends on the stiﬀness of the wing structure, hence added
material is an advantage regardless of it being the skin or actuator. Thicker skins improve stiﬀness better, as the additional material is distributed evenly across the entire
wing, whereas actuator material is concentrated at speciﬁc regions. This is evident
from the ﬁg. 3.15 as the highest point of the surface plot is characterized by designs
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Figure 3.16. Pareto optimality plot showing the baseline conﬁguration
and data points based on maximizing dive speed (VD )

having most added material by means of higher thickness. However, the ﬂutter speed
improvement with skin thickness (TS ) saturates at higher values of skin thickness and
further gain can only be obtained by increasing the actuator thickness. The reason is
that the thicker and heavier skins are moving the center of mass towards the trailing
edge, thereby making the moment arm longer which increases the magnitude of the
moment force. The results imply that the actuator also takes part in the load-carrying
function of the wing and hence the multifunctionality of the piezoelectric layers can
be exploited.
A Pareto front is generated to capture the trade-oﬀ between dive speed (VD ) and
rolling moment (Croll ). The target zone, where the increase in both speed and the
rolling moment is possible, contains an appreciable number of designs. A closer look
at the surface plot reveals the reason for this positive result. Comparing ﬁg. 3.13 and
ﬁg. 3.15, it can be observed that the designs in the optimal region for roll performance
(i.e, 0.3mm ≤ TS ≤ 0.55mm, with TP ≥ 0.35mm) possesses higher ﬂutter speeds
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than the baseline design, resulting in the multi-objective improvement. As previously
discussed, higher speeds are attainable with a stiﬀer wing structure, however, higher
stiﬀness does not necessarily allow better roll performance. The maximum allowable
gain in speed is limited to 45% since further increase in speed requires an excessively
stiﬀer structure which is detrimental for roll. The best possible speed increase is
45.68% and it is associated with a roll increase of 0.42% (TP = 0.6 & TS = 0.588).
The design for maximum roll increase (5.92%) is accompanied by a considerable speed
increase of 32.85%. However, the obtained design conﬁgurations exhibit higher mass
than the baseline design: the stiﬀer structures are characterized by thicker skins
and actuators, resulting in an increase of mass. Hence, imposing mass constraint
will signiﬁcantly constraint the room for improvement. Therefore, to capture the
characteristic variation of the ﬂutter speed with the thickness parameters, the mass
constraint is neglected.

3.3.2

Stage 2: Thickness and width parameters

The optimization of the thickness distribution between the distributed actuators
and underlying skin, for maximizing performance in terms of deﬂection, roll, and
speed is conducted. The inﬂuence of the thickness parameters on the stiﬀness and
actuation characteristics of the morphing wing section under static and dynamic
aeroelastic conditions are investigated. The existing baseline conﬁguration is identiﬁed to be nearly optimal, in addition to that, it is shown that a marginal increase in
the roll authority and speed achievable is accompanied by a mass penalty. The similarity between deﬂection and roll behavior suggests that for cases where approximate
optimization is suﬃcient, deﬂection optimization alone can yield satisfactory results.
However, it is to be noted that deﬂection optimization is not absolutely reliable, as
the optimal region for the roll performance does not entirely overlap the optimal region for deﬂection improvement. Nevertheless, the stage 1 optimization study results
points out that further gains in terms of roll authority, speed increase and mass re-
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duction can only be obtained by including the geometrical parameters related to the
position of the compliant ribs and distributed actuators such as increasing the width
of the piezoelectric layers (WP ).

Rolling moment
The rolling moment is estimated for a set of design data points involving discrete
width values. The rolling moment (Croll ) variation with respect to the width of
the piezoelectric actuator (WP ) is found to be nearly linear as predicted from the
rudimentary analysis discussed in the section 3.2.1. The linear variation of Croll
with piezoelectric actuator width (WP ) is clearly shown in the ﬁg. 3.17, where the
individual lines correspond to diﬀerent thickness distribution. The rolling moment is
revealed to vary linearly with the width regardless of the thickness values, while the
slope of variation is indeed aﬀected by the thickness parameter. The stiﬀer designs
with thick skins having higher β value exhibit gentle slope shown by the dashed line
in ﬁg. 3.17, while compliant designs possessing thinner skins have a steeper slope.
The characteristic variation of the rolling moment (Croll ) with thickness variables
(TP & TS ) remains unchanged with respect to actuator width (WP ) values. The
increasing width (WP ) results in a larger active area for the piezoelectric actuator
providing signiﬁcant strain energy to achieve higher deﬂection amplitudes. In addition
to providing higher deﬂection amplitudes, the larger actuators also contribute to
the load-carrying function of the wing concurrently increasing stiﬀness and shape
adaptability. Widening the actuators distributes the imposed deﬂections, minimizing
localized deformations that reduce the trailing edge displacement.
The inﬂuence of the width variable on the rolling moment trade-oﬀ behavior is
assessed from the Pareto plot shown in the ﬁg. 3.18. The diﬀerent color bands correspond to diﬀerent width values. The linear variation of the rolling moment (Croll )
with the width (WP ) is favorable as it oﬀsets the Pareto front towards the left, placing a number of designs in the target zone, resulting in designs having signiﬁcant
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performance improvements. The dotted-dashed line separates the ﬂutter prone infeasible designs with the feasible designs having ﬂutter speed VF ≥ 40 m/s. The
ﬂutter constraint excludes a substantial part of the favorable designs in the target
zone, indicating that mass reduction is challenging. However, if ﬂutter speed is not
a hard constraint and slower ﬂight speeds are acceptable, then a reduction in mass
becomes possible. A closer look at the ﬁg. 3.18 reveals that the Pareto front is characterized by designs having the maximum width, WP = 79.4 mm. This shows that
linear variation of the actuator width (WP ) can be exploited by pushing the width
value to its maximum possible value and then optimizing the thickness distribution
to satisfy rolling moment and mass objectives. Consequently, an ideal case will be to
cover the entire wing skin with piezoelectric layers, highlighting the potential for performance improvement when concurrently exploiting the actuation and load-carrying
functionalities of distributed actuators. The maximum possible increase in rolling
moment with the inclusion of width variable in the optimization is now 27.69% accompanied by a mass increase of 4.19% (WP = 79.4mm, TP = 0.45, TS = 0.243).
When constraining mass, a potential increase of 24.59% is still possible. This result
demonstrates that signiﬁcant performance gains are achievable by optimizing the geometrical variables related to the distributed actuators with respect to the baseline
design.

Speed
The results of the stage 1 optimization show that substantial improvement of dive
speed (VD ) is achievable by optimizing the thickness variables. The inclusion of the
width (WP ) variable, however, can further increase such improvement gains by up
to four times. The characteristic variation of the ﬂutter speed with respect to the
thickness variables (TP & TS ) is not aﬀected by the width value. The magnitude of
the ﬂutter speeds is however diﬀerent for diﬀerent width values. As it can be seen
from the ﬁg. 3.19, the Pareto front is being pushed to the left by the roll behavior
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Figure 3.19. Pareto optimality plot showing the baseline conﬁguration
and data points based on maximizing rolling moment (Croll )

for increasing widths. Moreover, the dominance of the designs having the highest
width value, WP = 79.4 mm, supports the conclusion that the actuator width should
be increased to the highest possible value, and then the objective functions can be
satisﬁed by optimizing the thickness variables alone. This results from the favorable
contribution of wider actuators on the stiﬀness of the structure, by distributing the
material more evenly and therefore resulting in faster ﬂight speeds. This highlights
the multifunctional capability of the piezoelectric layers to support the external loads
apart from serving as actuators.
The trade-oﬀ between rolling moment and speed is clearly exhibited by the Pareto
front as the maximum increase in one objective leads to a minimal increase in the other
objective. The competing nature is due to the fact that ﬂight speed requires stiﬀness,
whereas better roll authority demands compliance. The maximum roll increase design
(27.67% increase) exhibits a speed increase of 10%. The maximum speed increase
of 82.7% (VD = 54.8m/s) is achievable at a design point (WP = 79.4mm, TP =
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and data points based on maximizing rolling moment (Croll )

0.595, TS = 0.7021) retaining the baseline roll performance. The mass constraint
is not imposed as stiﬀer structures inevitably increase mass. The trade-oﬀ between
mass and speed functions is shown in the ﬁg. 3.20. The overlap of the designs with
diﬀerent color bands/width values indicates that addition of width variable to the
optimization does not bring any advantage to the trade-oﬀ behavior. A speed increase
of 12% is only possible with mass constrained to the baseline value. If 10% mass
increase is permitted, then the speed can be increased by 33.94%. The design point
for maximum speed increase (82.7%) is associated with 36% mass increase. The
results clearly indicate that signiﬁcant gains in speed can be achieved by relaxing the
mass constraint.
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3.4

Summary and Remarks
The optimization of the geometrical parameters of distributed piezoelectric ac-

tuators and wing skin for maximizing performance, measured in terms of the rolling
moment and dive speed is studied for compliance-based morphing structures actuated
with distributed actuators. The characteristic variation of the geometrical parameters of the utilized distributed actuators is analyzed with respect to the objective
functions. The conducted two-stage multidisciplinary design optimization shows that
signiﬁcant performance improvements can be obtained by sizing simultaneously the
skin and actuator, thus concurrently proﬁting from the actuation and load-carrying
capabilities of the chosen distributed actuators. The crucial trade-oﬀ between the
stiﬀness and compliance requirements of diﬀerent objectives, namely roll and ﬂutter
speed, is eﬀectively obtained by the static and dynamic aero-elastic tools. The baseline design is found to be nearly optimal if only thickness variables are considered
for optimization. Optimizing the distributed actuators width can lead to signiﬁcant
performance gains. The compliant wing structure is highly sensitive to ﬂutter, hence
reduction of mass is not easily achievable through these parameters alone. Several
trade-oﬀ designs have been identiﬁed by the Pareto fronts that can contribute to
multi-objective improvement. The multifunctional nature of the piezoelectric layers
allows the multi-objective increase and points out that further performance enhancement is possible by exploiting the multi-functionality, thereby eﬀectively substituting
the skin material. The ﬂight speed can be increased to a greater extent without sacriﬁcing the roll performance. In addition, the similarities between deﬂection and roll
behavior with respect to the geometrical variables are established. This suggests that
for cases where approximate optimization is suﬃcient, deﬂection optimization alone
can yield satisfactory results. The results ﬁnally clearly highlight the importance of
the actuators in extracting greater performance from the morphing structure. Increasing the available mechanical energy, while maintaining their multifunctionality,
would permit to attain greater morphing performance with designs characterized by
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even lower mass. A truly global optimum yielding such performance gains can only
be achieved when simultaneously optimizing the complete structure of the wing and
the parameters of the distributed actuation. The high dimensionality of such problems requires the use of more advanced optimization algorithms and is the subject of
future work.
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4. AERO-STRUCTURAL WING ANALYSIS: EFFECT OF
SELECTIVE COMPLIANCE FROM MULTI-STABILITY
This chapter is based on the journal publication under preparation titled: ”Aero-structural Design and Analysis of Selectively Compliant Morphing Wing” to be submitted in February 2018.
The fundamental challenge in designing morphing wings is the inherent conﬂicting requirement of achieving ﬂexible structures with adequate load-carrying capacity. The
distributed compliance wing has limited ﬂight envelope owing to this constraint. A
feasible solution is to decouple these requirements by imparting stiﬀness selectivity
that provides a controllable time-variant stiﬀness range [8, 9]. Rather than having a
constant stiﬀness response as in case of the morphing wing discussed above, a variable
stiﬀness approach allows maximum eﬃciency by tuning the stiﬀness response to realtime external conditions. The goal of this chapter is design a distributed compliance
morphing wing with monolithic stiﬀness selectivity. The combination of distributed
compliance and stiﬀness selectivity results in a selective compliance morphing system with two distinct equilibrium conﬁgurations each possessing a diﬀerent stiﬀness
response. The notion is to attain a ﬂexible conﬁguration which allows greater maneuverability at relatively slow speeds and a stiﬀ conﬁguration that permits faster ﬂight.
Among the several approaches to achieve selective stiﬀness described in published
studies, bistable laminates exploiting structural elasticity is a promising solution considering the monolithic aspect of the design. The bistable laminate features diﬀerent stiﬀness properties in each equilibrium state and energy input is required only
to switch between the statically stable shapes [38, 62–64]. In addition, the purely
elastic nature of multi-stability sustains deﬂection reversibility and therefore renders
robustness to the design, with large repeatable transitions possible without any sup-
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plementary mechanisms. The actuation energy necessary for a compliant morphing
wing is employed to perform the elastic work to achieve the desired shape as well as
to overcome the aerodynamic pressure loads. While the conventional control surfaces
only work against the distributed aerodynamic loads, signifying the greater actuation
eﬀort required for morphing [3,26,42,65]. The variable stiﬀness strategy provides low
deformation resistance on-demand that can lead to potential energy savings associated with the reduced actuation requirement [40].

4.1

Baseline Design: Bistable Aerofoil Section
A novel morphing wing section combining distributed compliance with selective

stiﬀness through embedded bistable laminates is designed and optimized by Kuder et
al. [38–41]. A Multidisciplinary design approach utilizing the concurrent aeroelastic
methods described in section 2.1 is undertaken to fully exploit the characteristics of
the bistable laminates embedded to provide on-demand stiﬀness variation and tailor
the compliance to operate at high actuation eﬃciency. The following sections discuss
the integral elements of the optimization process in detail.

4.1.1

Bistable plate

The primary role of the bistable plate is to induce a local snap-through which leads
to an internal stiﬀness redistribution of the wing. The selective compliance morphing
imposes two crucial requirements on the bistable plate, embeddability and stiﬀness
variability. The monolithic embeddability criterion demands the capability to integrate the laminate inside a large shape-adaptive system without bistability loss and
stiﬀness variability implies maximizing the diﬀerence in stiﬀness properties between
the two equilibrium states. A thermally induced bistable composite concept whose
opposite edges can be constrained introduced in [63] is utilized. The achievable equilibrium shapes of the bistable plate correspond to a particular stiﬀness combination
that determines the structural response of the wing. Accordingly, a bistable plate
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Figure 4.1. Layout of the two-ply embeddable bistable laminate.
BCs: Clamping surfaces/regions of boundary condition assignment,
adapted from ref. [38]

possessing desired characteristics in terms of stiﬀness variability and embeddability
was designed.
A typical two-ply layout comprises of seven distinct sections, referred to as symmetric (Rsymm ), outer unsymmetric (Runsymm,out ), central unsymmetric (Runsymm,central )
and intermediate (Ri ) as shown in ﬁg. 4.1. The thermal expansion coeﬃcient mismatch in addition to the bending-extension coupling between the unsymmetric component plies in the central and outer unsymmetric regions (Runsymm,central & Runsymm,out )
are responsible for the snap-through bistability, induced through cooling from an elevated to ambient temperature. The narrow unidirectional intermediate region (Ri )
that lies between the unsymmetric regions provides continuity of the ﬁbers and the
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(a) ﬂat (stiﬀ)

(b) curved (ﬂexible)

Figure 4.2. Stable states of the embeddable bistable plate obtained from FEA

symmetric regions on either end of the composite plate allows for constraining the
clamping surfaces (marked as BCs in ﬁg. 4.1), thus enabling monolithic embeddability. The thermal bistability is lost for excessive laminate thickness-to-width ratio and
hence two-ply layout which has reduced overall thickness is chosen to be favorable for
integration within the morphing system. [38]. The stacking sequence is shown in the
ﬁg. 4.1 results in a curved and a ﬂat state having low and high compressive stiﬀness
respectively. The stable shapes of these two equilibrium conﬁgurations are shown in
the ﬁg. 4.2 below. The individual ply of the bistable composite plate is manufactured
from a CFRP prepreg with an average ply thickness of 0.1 mm.

Finite Element Model
The switch between the stable states occurs via a non-linear, dynamic snapthrough phenomenon, set oﬀ by an suﬃcient external energy input. The static, non-
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linear analysis method of Abaqus® /Standard, which underlies a large-displacement
formulation is used to simulate the snap-through bistability. A constant numerical stabilization factor between 10−7 and 10−6 is added to ensure convergence. The
viscous damping energy (ALLSD) provided by the stabilization factor is adaptively
limited to 5% of the total strain energy (ALLSE), to obtain true equilibrium conﬁgurations. The structure is meshed with quadrilateral shell elements with a seed size
of 5 mm, determined from convergence studies. The center point of the bistable composite plate is ﬁxed in all degrees of freedom for all steps of the bistability analysis
except for the placement step. The lamina material properties for CFRP prepreg is
given in the table 4.1

Table 4.1. Nominal material properties of the CFRP prepreg employed in FEA, adapted from ref. [38]

Property

E11

E22

ν12

G12 = G13

α11

α22 = α33

Unit

MPa

MPa

-

MPa

K-1

K-1

Value

161, 000

10, 000

0.3

4, 400

−1.8 × 10-8

24.3 × 10-6

Bistability Analysis
The snap-through bistability is induced in the laminates by simulating the heat
treatment through the application of a temperature load (ΔT = 140K) corresponding
to the autoclave cycle used in the manufacturing process. This temperature diﬀerence
is applied to the initial step of the numerical model and the analysis methodology
begins with the simulation of the curing process via an imperfection cool-down procedure [38]. The imperfection cool-down method allows the temperature-displacement
path followed by the laminate while cooling from the curing temperature to yield
a particular shape. For the ﬁrst step, the bistable plate is allowed to cool-down
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Figure 4.3. Strain energy proﬁle of the two-ply bistable composite
plate as a function of out-of-plane displacement

from the elevated curing temperature to ambient conditions, resulting in a particular
deformed shape (curved shape, in our case). The shape is characterized by speciﬁc out-of-plane (z) displacements of the bistable plate corners (uz = 29 mm). An
imperfection displacement equal to 1.3 times the previous out-of-plane (z) displacements value (uz = 37 mm) is applied during a repeated cool-down analysis. Once the
ambient temperature is reached, unloading step is carried out where the imposed displacements are removed, all the structure to stabilize in an equilibrium conﬁguration
shown in ﬁg. 4.2(b). If the displacements are imposed in the opposite direction, then
the resulting equilibrium state will be ﬂat as shown in ﬁg. 4.2(a).
A snap-through test is performed to derive the strain energy history (ALLSE)
as a function of the out-of-plane displacement [38]. The snap-through strain energy
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test is necessary to test the strength of bistability by observing the potential wells.
The analysis step starts from the stable state reached by the imperfection cool-down
step, resulting in an initial thermal stress ﬁeld. The center of the bistable plate is
constrained and snap-through is produced by displacement control (uz = −5 mm) of
the plate corners in the direction opposite to imperfection displacement, increasing
the strain energy beyond the peak. This is followed by an unloading step, where the
structure is allowed to stabilize in the second equilibrium state as shown in ﬁg. 4.2(a).
The bistability is veriﬁed as the strain energy of the second stable state is dissimilar
to that of its initial state. The strain energy proﬁle of the bistable composite plate is
shown in the ﬁg. 4.3 below. It is evident from the plot that the strain energy minimum
for each stable state is diﬀerent and is characterized by well deﬁned potential wells,
indicating satisfactory bistable behavior.
The embeddability objective is tested by constraining the clamping surfaces shown
in ﬁg. 4.1 in-plane and performing a displacement controlled analysis to check the
stiﬀness response for the equilibrium conﬁgurations. An in-plane compressive displacement of ux = −4 mm is imposed on the right clamping surface while the left
clamping surface is ﬁxed. The slope of the reaction force variation with the in-plane
displacement gives the stiﬀness response of each stable state. The stiﬀness ratio (ratio between the stiﬀness response of stiﬀ state and ﬂexible state) for the two-ply
composite bistable plate is estimated to be 48 [38].

4.1.2

Bistable rib: Multidisciplinary Design Optimization

A selectively compliant rib section based on 500 mm chord NACA 0012 proﬁle with
a monolithically embedded bistable composite plate is designed by Kuder et al. [41].
A passive morphing concept characterized by discrete, rather than continuous stiﬀness
variability is adopted. The stiﬀness response of the two diﬀerent stable conﬁgurations
is exploited instead of focusing on the dynamic non-linear snap-through transition
behavior. The aerofoil section is deﬁned as stiﬀ, if the embedded bistable element is
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in its ﬂat/stiﬀ equilibrium conﬁgurations and ﬂexible, if the bistable element is at its
curved stable state. The goal of the concurrent design optimization approach carried
out was to determine an optimal truss-like rib structure which is characterized by
maximum utilization of the embedded stiﬀness laminates through ideal positioning
as well as to achieve aeroelastically tailored deformed shapes, promising controlled
morphing at enhanced actuation eﬃciency. To maximize the impact of the bistable
laminate on the global stiﬀness variability and to adhere to the space limitations
imposed by the airfoil proﬁle, the characteristic sections described in ﬁg. 4.1 has to
be optimized to handle the added stiﬀness oﬀered by the compliant rib structure.

Optimization
The rib internal layout, bistable laminate section design, and bistable plate positioning are the main objects of this optimization process. The rib topology is discretized by eight points and generated by employing a Python Triangle function,
based on the Delaunay triangulator and 2-D mesh generator by Shewchuk [66]. The
design space for the bistable element is the component length (l) and the boundaries
of each distinct section (xus , xus,i , xs ), which determine the length of the corresponding regions (lus,o , lus,c , ls li ). The length of the intermediate section and width of the
plate is assumed to be constant (li = 5 mm & w = 40 mm). A unidirectional CFRP
prepreg with a cured ply thickness of 0.1 mm is chosen and to prevent bistability loss
associated with excessive laminate thickness relative to the edge length, a minimum
component length of l = 95 mm is adopted. Genetic Algorithm (GA) available in
Matlab was employed, due to the characteristic non-linearity and non-smooth ﬁtness function associated with this process. The resulting optimized morphing aerofoil
section conceived by Kuder et al. [40, 41] is shown in the ﬁg. 4.4
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Rib design
The optimized morphing aerofoil section features symmetric NACA 0012 proﬁle
of 500 mm chord, with a rigid D-spar occupying 28% of the chord. The width of the
morphing rib is ﬁxed to 50 mm to accommodate a 40 mm wide bistable plate. The
interior of the rib proﬁle is to facilitate camber morphing which guides the deformation, resulting in aerodynamically favorable shapes. The internal structure is made
up of laser-sintered polypropylene with a rib thickness of 1 mm, similar to the compliant rib corresponding to the smart morphing wing discussed in section 3.1. The
bistable laminate embedded in the compliant rib has the section dimension shown in
the table 4.2. The skin panels are manufactured with a layup containing CFRP UD
and GFRP fabric laminates as indicated in table 4.3. The outer skin possesses a corrugated section to allow skin extensibility during shape adaptation, shown in ﬁg. 4.4.
The corrugated section is known to reduce the impact of the stiﬀness variability pro-
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vided by the bi-stable component, owing to the in-plane stiﬀness associated with it.
The bending of corrugated section is undesirable from aerodynamic point of view, as
it forms a bump on the airfoil surface. Therefore, a radius of 7.5 mm and a depth Ψ0
= 180°is selected as it oﬀers reduced in-plane stiﬀness and increased bending rigidity.
The length of the corrugated segment is ﬁxed as 75 mm to ensure smooth cambering
and is manufactured using a glass ﬁbre/epoxy fabric with a thickness of 0.18 mm.

Table 4.2. Geometric properties of embedded bistable plate optimized
for the morphing aerofoil section, adapted from ref. [41].

Parameter

w

l

xs

xus

xus,i

BCs

Unit

mm

mm

mm

mm

mm

mm

Value

40.0

160.0

58.0

48.0

44.0

3.0

Table 4.3. Layup of the skin in the optimized bistable rib, 0°chordwise direction, adapted from ref. [41]

Component
Top skin
Bottom skin

Stacking Sequence

Thickness (mm)

[0MFC /90CFRP UD /90GFRP F. /90CFRP UD ]

0.696

¯ GFRP F. ]s
[90CFRP UD /0CFRP UD /90

0.772

The actuation energy for shape adaptation is facilitated by Macro ﬁber composite
(MFC) actuators arranged in a uni-morph conﬁguration on the top skin, as shown
in table 4.3. The bistable laminates retain their snap-through behavior only when
operated under compression. Therefore, the uni-morph layup is suﬃcient as only
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downward deﬂection which induces compressive load on the bistable plate, is desirable.
To clearly demonstrate the advantages of the morphing approach, a comparison study
is performed between two diﬀerent MFC layers: single crystal with PMN-PT ﬁbres
and standard MFC with PZT-5A ﬁbres. The single crystal MFC is chosen to best
utilize the stiﬀness variability with reduced actuation work, as it is predicted to oﬀer
ﬁve times higher strain values compared to the standard MFC. The properties of the
single crystal and standard MFCs are obtained from Park and Kim [67].

Finite Element Model
The numerical simulation of the bistable rib is performed using Abaqus® /Standard.
Linear shell elements are utilized to discretize the structure with a global mesh size
of 5 mm, found from convergence studies. A static non-linear analysis with large
displacement formulation, obtained by toggling NLGEOM option is used to simulate
the non-linear behavior of the morphing system. Convergence is ensured by adding
damping factors between 10−7 and 10−6 and adaptively restricting the viscous damping energy (ALLSD) to lie below 5% of the global strain energy (ALLSE). The initial
pre-strain analysis of the bistable composite plate as described in section 4.1.1 is carried out separately to obtain the residual stress ﬁeld. The stress and displacement
ﬁelds of the bistable plate in its stiﬀ equilibrium conﬁguration are then imported
into the rib structure using the *IMPORT option in Abaqus® CAE. The imported
bistable plate is ﬁxed to the corresponding clamping regions in the rib via tie constraint. After importing the pre-strain data to the global model, a relaxation step
with no external loads is performed to achieve equilibrium the global aerofoil section,
as recommended in [45]. The D-box is considered to be rigid, hence encastre boundary condition is applied to the leading edge D-spar region. The corrugated region is
homogenized as a ﬂat plate employing the homogenization model derived in [44].
The bistable plate is imported in its stiﬀ state and the rib structure is relaxed
to reach the global equilibrium conﬁguration. This corresponds to the stiﬀ state
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(a) ﬂat (stiﬀ)

I .....A...
~....._ ..
(b) curved (ﬂexible)

Figure 4.5. Displacement contours of the stiﬀ and ﬂexible states in
their equilibrium conﬁgurations.

of the morphing aerofoil section (shown in ﬁg. 4.5(a)), characterized by the bistable
laminate having a ﬂat shape. The ﬂexible state of the aerofoil section is obtained by
imposing an out-of-plane snap-through displacement of 12 mm to the center of the
bistable plate. The snap-through step is followed by an unloading step, where the
imposed displacements are removed, allowing the structure to stabilize in its second
equilibrium conﬁguration. The obtained stable state is characterized by the bistable
laminate having a curved shape and is deﬁned as the ﬂexible state of the aerofoil
section (shown in ﬁg. 4.5(b). The switch to the ﬂexible state is accompanied by
minor changes in camber, to accommodate the longitudinal dimensional change of
the bistable laminate. The piezoelectric actuation is simulated by thermal analogy
as discussed in section 3.2.2. A +1100V voltage is applied to the piezoelectric layers
to provide suﬃcient mechanical energy to realize satisfactory camber changes.

Static Aeroelasticity
The selective compliance morphing system involves geometrically non-linear changes
of shape under the aerodynamic pressure loading and hence to fully capitalize on this
morphing strategy, the consideration of two-way coupled aeroelastic methods is im-
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perative. The concurrent aeroelastic method similar to the procedure described in section 2.1 is used for the optimization procedure. A free-stream velocity, V∞ = 20 m/s
at zero incidence is adopted as the design ﬂight condition, to gain insight into the
camber morphing potential of the system versus pitching of conventional rigid NACA
0012 airfoil [41]. The aeroelastic iterations are carried out by means of the *RESTART
option provided by Abaqus® CAE. Care should be taken to ensure that the restart
models have geometry, mesh and material property deﬁnitions identical to the original
model, to avoid convergence issues. The rib section is considered as a 2-D system from
the aerodynamic perspective, hence lift polars and pressure distributed generated by
XFOIL for the 2D aerofoil proﬁle is suﬃcient to continue the aeroelastic iteration.
The aerodynamic advantage of the stiﬀness variability is evident from the lift polars
obtained from the aeroelastic study shown in ﬁg. 4.6.
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The compliance of the ﬂexible conﬁguration allows the single crystal MFC to induce considerable camber morphing (downward trailing edge deﬂection, UT E,f lexible =
14.2 mm), thereby achieving signiﬁcant lift variation (Cl,f lexible = 0.78). The corresponding lift variation is equivalent to pitching the rigid NACA 0012 airfoil by 6.55°,
suggesting that suﬃcient controllability can be realized by camber morphing alone.
On the other hand, in the stiﬀ state, the single crystal MFC produces a trailing edge
displacement of UT E,stif f = 1.93 mm, resulting in lift coeﬃcient, Cl,stif f = 0.1347.
When the standard MFC is employed, the lift variation obtains at the ﬂexible conﬁguration is Cl,f lexible = 0.3, equivalent to pitching a rigid NACA 0012 airfoil by 2.8°.
In the stiﬀ state, the achievable lift coeﬃcient is only Cl,stif f = 0.06. It is clear that
the single crystal MFC features maximum utilization of the morphing characteristics
namely stiﬀness variability and distributed compliance.

K ratio

=

5.82

,
,,
K stiff = 2.22

,, ,
0

5

,,

,
,,

,

,,

~
-

,

,
,,

K ne,uble

#

=

0.38

Stiff state

- - - Flexible state

10

15

20

25

Trailing edge deflection {mm)
Figure 4.7. Reaction force versus trailing edge deﬂection of the single
crystal MFC model under piezoelectric actuation (+1500V ), illustrating the stiﬀness response at the two stable states.
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The stiﬀness response at both the conﬁgurations can be clearly demonstrated by
observing the reaction force variation with respect to the trailing edge displacement,
when the piezoelectric layers are actuated (as shown in ﬁg. 4.7. The slope of the
reaction force curve gives a numerical value of stiﬀness at the particular state. For
the single crystal MFC model, at the ﬂexible conﬁguration, a trailing edge deﬂection
of UT E,f lexible = 20.65 mm is achieved, resulting in a stiﬀness value of Kf lexible = 0.38.
Similarly at the stiﬀ state, the deﬂection reached is UT E,stif f = 5.94 mm with a
stiﬀness, Kstif f = 2.22. The ratio between the two stiﬀness values gives a measure of
the stiﬀness variability and for the current case, the ratio is Kratio = 5.82. The same
value arises from comparisons of individual deﬂection values (UT E,f lexible /UT E,f lexible )
or lift variations (Cl,f lexible /Cl,stif f ). This global stiﬀness variability ratio quantiﬁes
the impact of the embedded bistable laminates on the global structural response and
demonstrates the beneﬁts achieved by stiﬀness selectivity attained through bistability.

4.2

Selectively Compliant Wing
The morphing rib section has been designed and optimized by Kuder et al. [41]

to illustrate the aerodynamic advantage of selectively compliant mechanisms. The
focus of this study is to re-create the non-linear analysis methodology of the bistable
rib and design a morphing wing utilizing the optimized rib topology, to analyze the
performance and validity of stiﬀness variability under strength constraints inherent in
the 3D wing design. The aeroelastic analysis of the morphing rib section demonstrates
that single crystal MFC is ideal to fully exploit the selective stiﬀness characteristics,
therefore the wing design employs single crystal MFC layers.

4.2.1

Wing Design

The schematic layout of the wing in terms of the quantity and positioning of
ribs, stringers, and spar, for the selectively compliant wing, is made identical to
the linear smart morphing wing described in section 3.1. This choice is beneﬁcial,
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considering the wing layout has already been established experimentally to carry the
global shear, bending and torsional loads as well as meet the strength and aeroelastic
stability criteria. Further similar layout facilitates comparison between the variable
stiﬀness wing and the linear smart morphing wing. The wing features three rib
stations as shown in the ﬁg. 4.8, built using the optimized bistable rib developed
by Kuder et al. [41]. The passive morphing concept features two stable states, stiﬀ
state - characterized by all bistable elements in the ﬂat/stiﬀ conﬁguration and ﬂexible
state - characterized by bistable elements in the curved/ﬂexible conﬁgurations. The
leading edge ribs, stringers, and spar are scaled to 500 mm chord.
Preliminary analysis showed that placing the piezoelectric layers in between the
compliant ribs in the rib station, rather than on the top surface of the ribs is advantageous and gives better results in terms of convergence and performance. The
piezoelectric layers are therefore placed in bi-morph conﬁguration between the compliant ribs. The bi-morph conﬁguration is selected to further improve the mechanical

Bi-m orph layu p

Spa r

LE rib

Figure 4.8. Finite element model of the selectively compliant wing
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strain produced by the actuator. The actuators are placed over the top skin, similar to the optimized bistable rib conﬁguration. The compliant ribs have a width of
50 mm and the region between the ribs which carries the actuator is designed to have
a width of 100 mm so that active area of the piezoelectric actuator per compliant rib
is same as the bistable rib discussed before.
The unactuated portion between two rib stations is deﬁned as the wing box as
shown in ﬁg. 4.8. The leading edge skin, wing box skin and the bottom skin of the
rib station have the same layup as the bottom skin of the optimized bistable rib
mentioned in table 4.3. This is essential to avoid local skin buckling in the wing
box region. The layup of top skin of the rib station is identical to the top skin
layup of the optimized bistable rib (from table 4.3, but features piezoelectric layers
in a bi-morph conﬁguration in the regions applicable. The wing box and rib station
contains a corrugated section equivalent to the one present in the bistable rib, to
permit longitudinal extensibility. The thickness of the compliant ribs is increased to
1.75 mm as the initial 1 mm ribs were prone to buckling.

4.2.2

Sizing and Strength Analysis

A coarse sizing analysis is performed with the motive of increasing the wing aspect
ratio as much as possible, to reduce the induced drag components. The chord and
dimensions of the rib station are considered ﬁxed whereas the length of the wing box
is increased to get a longer span. A ﬁnite element analysis is done following the same
methodology as discussed in section 4.1.2, to verify whether the bistability is retained
and adequate stiﬀness variability is achieved.
Three aspect ratio conﬁgurations are considered, one with low aspect ratio equivalent to the linear smart morphing wing (AR≈5), one with double the aspect ratio
of the linear morphing wing (AR≈10) and another conﬁguration with an intermediate aspect ratio (AR≈7.5). Higher the aspect ratio, longer is the span and hence,
larger unactuated region to the wing. This additional unactuated region has to be de-
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ﬂected downwards by the mechanical energy provided by the constant rib station and
thereby reducing the overall achievable trailing edge deﬂection. Moreover, the added
unactuated region contributes to the global stiﬀness of the wing, which is detrimental
for stiﬀness variability as the bistable laminates have to work against the increased
global stiﬀness. As a result, the global stiﬀness variability ratio reduces for higher
aspect ratio wing as shown in the ﬁg. 4.9
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It is evident from the ﬁg. 4.9 that for higher aspect ratio, the compliance of
the ﬂexible state is reduced, characterized by a steeper slope of the reaction force
curve. Thus, the eﬀective trailing edge displacement achieved for a constant actuation
energy is reduced for the conﬁguration characterized by a steeper slope. The stiﬀness
response of the stiﬀ state is observed to change insigniﬁcantly, therefore the global
stiﬀness variability ratio decreases for increasing aspect ratio. As a consequence, to
permit reasonable camber change suﬃcient trailing edge deﬂection is necessary, hence
the low aspect ratio design with AR = 5.6 is selected which results in a wingspan of
2.8 m.
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The strength criteria of the wing are checked by material failure modeling and
a buckling analysis. The material failure indices are automatically calculated by
Abaqus® /Standard when strength properties are deﬁned under the material property
section for each material used. Tsai-Wu failure criterion is employed by Abaqus® /Standard
to check for possible material failure. An eigenvalue buckling analysis provided by the
*BUCKLE option in Abaqus® CAE is utilized to determine the buckling factors for
the ﬁrst ﬁve buckling modes. Inertial loads in addition to the aerodynamic pressure
loads at the maximum load factor (1.8) ﬂight condition (V∞ = 20 m/s and α = 15°,
piezoelectric layers unactuated) is given as the load input for the buckling analysis.
The aerodynamic pressure distribution estimated by the static aeroelastic method
described in section 2.1 is applied as the perturbation load in the buckling step while
the inertial load is considered as dead load. The inertial load is applied in the form of
an acceleration value (load factor×acceleration due to gravity) under the gravity load
module in Abaqus® CAE. The gravity load module multiplies the given acceleration
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value to the mass of the model while applying the inertial load. The strength analysis
showed that the material failure indices are low under the maximum load condition
and the wing structure has a minimum buckling factor of 3.75. The compliant rib
thickness is increased to 1.75 mm and the bottom skin layup of the bistable rib is chosen as the skin layup for the wing box, to avoid buckling failure. The buckling failure
criterion employed was Kb ≥ 1.5. The stiﬀness response of the resulting selectively
compliant wing is shown in the ﬁg. 4.10. A global stiﬀness variability ratio of 7.1 can
be achieved.
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The aerodynamic characteristics of the selectively compliant morphing wing are
shown in the ﬁg. 4.11. The lift and drag coeﬃcients are calculated using the static
aeroelastic approach discussed in section 2.1. The free-stream velocity considered is
V∞ = 20 m/s and the angle of attack sweep from -15°to +15°at increments of 2.5°is
done to get the aeroelastic polars. From the ﬁg. 4.11, it is clear that stiﬀ state does
not provide any lift variation under piezoelectric actuation. The substantial stiﬀness
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of the morphing wing arising from the increased rib thickness is seen as the reason for
getting low trailing edge deﬂections at the stiﬀ state. These low deﬂections induce
negligible camber changes, hence lift variation is not possible. On the other hand,
for the ﬂexible conﬁguration, a considerable lift variation is achieved. This behavior
shows the stiﬀness variability characteristic, however, the lift change achieved by the
ﬂexible conﬁguration is only half of the lift change obtained from the linear smart
morphing wing. The results suggest that morphing wing is not compliant enough
to produce signiﬁcant camber variation. Though a stiﬀness variability ratio of 7.1 is
attained, the stiﬀness of each equilibrium state is still undesirably high.

4.3

Summary and Remarks
A distributed compliance morphing wing with on-demand stiﬀness variation is

designed using the optimized bistable rib section. The wing is tested against the material failure and buckling strength criteria and is shown to possess suﬃcient stiﬀness
variability. The aerodynamic coeﬃcients determined by the aeroelastic study reveals
that adequate lift variation is not achievable, owing to the increased stiﬀness of the
wing arising from geometry adjustment for satisfying strength criteria. Thus, to realize a morphing wing with signiﬁcant lift variation, a global optimization procedure
has to adopted to re-size the geometrical parameters associated with both the embeddable bistable element and the rib section. The rib topology is not adequate to resist
buckling, hence re-design of the ribs instead of thickening of the ribs can be done to
improve the compliance of the wing. The corrugated section utilized in the wing has
a fairly large circular form, this may produce a considerable drag penalty. The radius
of the circular form cannot be reduced owing to the stiﬀness requirements, hence the
implementation of double corrugated structures (designed by Previtali et al. [23]) is
advised to enhance the drag performance of the wing. Further dynamic aeroelastic
stability analysis has to performed to determine the advantage of stiﬀness variability
in terms of ﬂutter speed.
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5. CONCLUSIONS AND OUTLOOK
Morphing systems that eﬃciently operate under the conﬂicting demand of ﬂexibility against load carrying capacity, exhibit enhanced performance and functionalities.
Conformal shape adaptation through distributed compliance and stiﬀness selectivity is established and their potential is demonstrated through concurrent aeroelastic
analysis under diﬀerent ﬂight conditions. The potential for performance improvement
in the linear smart morphing wing is demonstrated and the feasibility of decoupling
the conﬂicting requirements by imparting stiﬀness variability in a compliance-based
wing is presented. The major ﬁndings of this thesis and suggested future direction
for this topic are summarized in the following sections.

5.1

Summary of results
In the ﬁrst part of the thesis, a concurrent aeroelastic method in the static and

dynamic domain is developed by coupling the capabilities of Abaqus® and XFOIL
through dedicated Python scripts. This two-way coupled aeroelastic approach is employed to obtain realistic behavior of the morphing wings under various ﬂight regimes.
Accurate pressure load predictions present considerable advantage when optimizing
the structure against strength and stability criteria. The mathematical background
for the linearized ﬂutter analysis method is detailed and the ﬂutter analysis tool facilitates the estimation of the maximum dive speed achievable by the morphing wing.
These analysis methods can be incorporated with optimization algorithms, owing
to their eﬃcient run-time to seamlessly run an optimization procedure in order to
enhance the performance of the morphing system under study.
The second part of the thesis deals with the optimization of distributed piezoelectric actuators to bring about performance improvement in a linear compliance
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based smart morphing wing. The characteristic variation of the geometrical parameters of the utilized distributed actuators is analyzed with respect to the objective
functions. The conducted two-stage multidisciplinary design optimization shows that
signiﬁcant performance improvements can be obtained by sizing simultaneously the
skin and actuator, thus concurrently proﬁting from the actuation and load-carrying
capabilities of the chosen distributed actuators. The baseline design is found to be
nearly optimal if only thickness variables are considered for optimization. Optimizing the distributed actuators width can lead to signiﬁcant performance gains. The
compliant wing structure is highly sensitive to ﬂutter, hence reduction of mass is not
easily achievable through these parameters alone. Several trade-oﬀ designs have been
identiﬁed by the Pareto fronts that can contribute to multi-objective improvement.
The multifunctional nature of the piezoelectric layers allows the multi-objective increase and points out that further performance enhancement is possible by exploiting
the multi-functionality, thereby eﬀectively substituting the skin material. The ﬂight
speed can be increased to a greater extent without sacriﬁcing the roll performance.
The results ﬁnally clearly highlight the importance of the actuators in extracting
greater performance from the morphing structure. Increasing the available mechanical energy, while maintaining their multifunctionality, would permit to attain greater
morphing performance with designs characterized by even lower mass.
The ﬁnal section of the thesis focuses on the implementation of stiﬀness variability
in a morphing wing design. A distributed compliance morphing wing with on-demand
stiﬀness variation is designed using the previously developed bistable rib section. The
wing is tested against the material failure and buckling strength criteria and is shown
to possess suﬃcient stiﬀness variability. The aerodynamic coeﬃcients determined by
the aeroelastic study reveals that adequate lift variation is not achievable, owing to
the increased stiﬀness of the wing arising from geometry adjustment for satisfying
strength criteria.
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5.2

Outlook
The research ﬁndings point out that to attain maximum performance of any mor-

phing system, a truly global optimum achieved by simultaneously optimizing the
entire set of variables corresponding the whole wing structure is essential. The high
dimensionality of such a problem requires the use of more advanced optimization algorithms and is the subject of future work. Further, manufacturability constraints
should be considered, to build an eﬃcient operational morphing aircraft.
A set of possible improvements for the selectively compliant morphing system is
described in this paragraph. The rib topology of the morphing system is not adequate
to resist buckling, hence re-design of the rib topology instead of thickening of the ribs
is suggested improve the compliance of the wing. The corrugated section utilized in
the wing has a fairly large circular form, this may produce a considerable drag penalty.
The radius of the circular form cannot be reduced owing to the stiﬀness requirements,
hence the implementation of double corrugated structures (designed by Previtali et
al. [23]) is advised to enhance the drag performance of the wing. Further dynamic
aeroelastic stability analysis has to performed to determine the advantage of stiﬀness
variability in terms of ﬂutter speed. The current morphing system considers only two
stable states, however, the embedded bistable elements can be switched in a number
of combinations producing intermediate stiﬀness levels. Thus a range of stiﬀness
states that can be achieved by the eﬃcient switching of the bistable laminates has to
be assessed. Further, 3D geometrically bistable plates are currently being developed,
and therefore feasibility of these structures in a morphing system has to be explored
to incorporate the beneﬁts of rapid prototyping in the morphing environment.
Aeroelastic tailoring of the lift variation along the span has to assessed in detail to
establish the true advantage of shape adaptability in wings. Moreover, the feasibility
of active ﬂutter suppression through periodic actuation of the distributed actuators
has to be tested, which may extend the existing ﬂutter boundary of the compliant
morphing wing.

REFERENCES

82

REFERENCES

[1] John Valasek. Morphing Aerospace Vehicles and Structures. Morphing Aerospace
Vehicles and Structures, 2012.
[2] Giulio Molinari, Andres F. Arrieta, and Paolo Ermanni. Aero-Structural Optimization of Three-Dimensional Adaptive Wings with Embedded Smart Actuators. AIAA Journal, 0(0):1–12, 2014.
[3] Giulio Molinari, Andres F. Arrieta, and Paolo Ermanni. Planform, aerostructural and ﬂight control optimization for tailless morphing aircraft. SPIE
Smart Structures/NDE, 9431:94310Y–94310Y–18, 2015.
[4] LF Campanile. Lightweight shape-adaptable airfoils: A new challenge for an old
dream. Adaptive Structures: Engineering Applications, pages 89–135, 2007.
[5] Larry L Howell, Spencer P Magleby, and Brian M Olsen. Handbook of compliant
mechanisms. John Wiley & Sons, 2013.
[6] B Sanders, FE Eastep, and E Forster. Aerodynamic and aeroelastic characteristics of wings with conformal control surfaces for morphing aircraft. Journal of
Aircraft, 40(1):94–99, 2003.
[7] Daniel P Raymer. Aircraft design: A conceptual approach, american institute
of aeronautics and astronautics. Inc., Reston, VA, page 21, 1999.
[8] CL Thill, J Etches, I Bond, K Potter, and P Weaver. Morphing skins. The
aeronautical journal, 112(1129):117–139, 2008.
[9] A Fontanazza, R Talling, M Jackson, R Dashwood, D Dye, and L Iannucci.
Morphing wing technologies research. In Seas DTC ﬁrst conference, 2006.
[10] Marc R Schultz and Michael W Hyer. Snap-through of unsymmetric cross-ply
laminates using piezoceramic actuators. Journal of Intelligent Material Systems
and Structures, 14(12):795–814, 2003.
[11] John Valasek. Morphing Aerospace Vehicles and Structures. Morphing Aerospace
Vehicles and Structures, 2012.
[12] S. Barbarino, O. Bilgen, R. M. Ajaj, M. I. Friswell, and D. J. Inman. A Review
of Morphing Aircraft. Journal of Intelligent Material Systems and Structures,
22(9):823–877, 2011.
[13] J. Gomez and E. Garcia. Morphing unmanned aerial vehicles. Smart Materials
and Structures, 20(10):103001, 2011.
[14] Terrence A. Weisshaar. Morphing Aircraft Systems: Historical Perspectives and
Future Challenges. Journal of Aircraft, 50(2):337–353, 2013.

83
[15] Onur Bilgen and Michael I. Friswell. Implementation of a ContinuousInextensible-Surface Piezocomposite Airfoil. Journal of Aircraft, 50(2):508–518,
2013.
[16] Izabela K. Kuder, Andres F. Arrieta, Wolfram E. Raither, and Paolo Ermanni.
Variable stiﬀness material and structural concepts for morphing applications.
Progress in Aerospace Sciences, 63:33–55, 2013.
[17] L. F. Campanile and D. Sachau. The Belt-Rib Concept: A Structronic Approach
to Variable Camber. Journal of Intelligent Material Systems and Structures,
11(3):215–224, 2000.
[18] Mihir Mistry, Farhan Gandhi, Martin Nagelsmit, and Zafer Gurdal. Actuation
requirements of a warp induced variable twist rotor blade. In ASME 2010 Conference on Smart Materials, Adaptive Structures and Intelligent Systems, pages
265–285. American Society of Mechanical Engineers, 2010.
[19] R. M. Ajaj, E. I. Saavedra Flores, M. I. Friswell, G. Allegri, B. K. S. Woods,
A. T. Isikveren, W. G. Dettmer, O. Bilgen, M. I. Friswell, R. D. Vocke, C. S.
Kothera, B. K. S. Woods, and N. M. Wereley. Wind tunnel testing of the ﬁsh
bone active camber morphing concept. Journal of Intelligent Material Systems
and Structures, 22(7):364–375, 2013.
[20] Benjamin K. S. Woods, Iman Dayyani, and Michael I. Friswell. Fluid/StructureInteraction Analysis of the Fish-Bone-Active-Camber Morphing Concept. Journal of Aircraft, 52(1):307–319, 2015.
[21] Alexander Hasse and Lucio Flavio Campanile. Design of compliant mechanisms
with selective compliance. Smart Materials and Structures, 18(11):115016, 2009.
[22] Francesco Previtali, Andres F. Arrieta, and Paolo Ermanni. Performance evaluation of a 3D morphing wing and comparison with a conventional wing. 54th
AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference, 52(10):1–16, 2013.
[23] F. Previtali, G. Molinari, A. F. Arrieta, M. Guillaume, and P. Ermanni. Design
and experimental characterisation of a morphing wing with enhanced corrugated
skin. Journal of Intelligent Material Systems and Structures, pages 1–15, 2015.
[24] Senthil Murugan, B. K S Woods, and M. I. Friswell. Hierarchical modeling and
optimization of camber morphing airfoil. Aerospace Science and Technology,
42(3):31–38, 2015.
[25] Roelof Vos and Ron Barrett. Post-Buckled Precompressed Techniques in Adaptive Aerostructures: An Overview. Journal of Mechanical Design, 132(3):031004,
2010.
[26] J. H S Fincham and M. I. Friswell. Aerodynamic optimisation of a camber
morphing aerofoil. Aerospace Science and Technology, 43:245–255, 2015.
[27] Lauren Butt, Steve Day, Joseph Weaver, Craig Sossi, Artur Wolek, Virginia
Tech, William Mason, and Daniel Inman. Wing morphing design utilizing macro
ﬁber composite smart materials. SAWE Paper No 3515-S, 33(3515):1–61, 2010.

84
[28] MA Barcala-Montejano, AA Rodrı́guez-Sevillano, J Crespo-Moreno, R BarderaMora, and AJ Silva-González. Optimized performance of a morphing micro air
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